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ABSTRACT 
T r a n s i e n t  a n a l y s i s  o f  c i r c u i t s  t h a t  i n c l u d e  m a g n e t i c  c o r e s  i s  com- 
p l i c a t e d  by t h e  n o n l i n e a r i t y  o f  t h e  s w i t c h i n g - c o r e  m o d e l  a n d  by t h e  
m a g n e t i c  c o u p l i n g  among t h e  l o o p  c u r r e n t s .  T h e s e  d i f f i c u l t i e s  h a v e  b e e n  
o v e r c o m e  by i n c o r p o r a t i n g  s t a t i c  a n d  d y n a m i c  c o r e  m o d e l s  i n t o  t h e  a u t o -  
m a t e d  c i r c u i t - a n a l y s i s  c o m p u t e r - p r o g r a m  TRAC. T h e  p r o g r a m  h a s  b e e n  
m o d i f i e d  by  i n c l u d i n g  p r o v i s i o n s  f o r  s u c c e s s i v e  m o d e s  o f  o p e r a t i o n ,  c o n -  
d i t i o n a l  m o n i t o r  p r i n t o u t  o f  v a r i a b l e  v a l u e s  i n  d i f f e r e n t  p o r t i o n s  o f  
t h e  p r o g r a m ,  p l o t  a n d  p r i n t - p l o t  r o u t i n e s  w i t h  e x t e r n a l  o r  i n t e r n a l  
s p e c i f i c a t i o n s  f o r  s c a l e s ,  u n i t s ,  a n d  f r a m e  s i z e s ,  n o r m a l  a n d  c i r c u i t -  
f a i l u r e  r u n  t e r m i n a t i o n ,  n o n l i n e a r  i n d u c t o r  a n d  r e s i s t o r  m o d e l s ,  e t c .  
T h e  m o d i f i e d  c o m p u t e r  p r o g r a m  i s  named MTRAC. T ime  v a r i a b l e s  ( v o l t a g e s ,  
c u r r e n t s ,  MMFs, f l u x e s ,  e t c . )  o f  c o m p l e x  m a g n e t i c - c o r e  c i r c u i t s  ( u p  t o  
60 n o d e s )  c a n  t h u s  b e  c o m p u t e d  a n d  p l o t t e d  a u t o m a t i c a l l y .  A l l  t h a t  t h e  
u s e r  h a s  t o  s u p p l y  i s  t h e  g e n e r a l  r u n - c o n t r o l  s p e c i f i c a t i o n s ,  t h e  c i r c u i t  
t o p o l o g y ,  a n d  t h e  v a l u e s  o f  t h e  c i r c u i t - e l e m e n t  p a r a m e t e r s .  
T h e  c o m p u t a t i o n  i n  MTRAC i s  i t e r a t i v e .  I t s  m e t h o d  i s  b a s e d  o n  e x -  
p r e s s i n g  t h e  c u r r e n t  t h r o u g h  any  c i r c u i t  e l e m e n t  c o n n e c t e d  b e t w e e n  
Nodes  a a n d  b a s  i a b  = AH(Va - V b )  - AT, w h e r e  AH a n d  AT a r e  c o n s t a n t s .  
A p p l y i n g  t h i s  r e l a t i o n  t o  e v e r y  c i r c u i t  n o d e  y i e l d s  a  m a t r i x  e q u a t i o n  
T ]  = [ H I  x V ] ,  w h e r e  V ]  i s  a  m a t r i x  whose  e l e m e n t s  a r e  t h e  unknown n o d a l  
v o l t a g e s .  T h e  s o l u t i o n  o f  V] i s  u s e d  t o  c o m p u t e  t h e  c u r r e n t s  t h r o u g h  
e a c h  n o n l i n e a r  c i r c u i t  e l e m e n t ,  a n d  t h e  r e s u l t s  a r e  t e s t e d  f o r  c o n -  
v e r g e n c e .  E x p r e s s i o n s  a r e  d e r i v e d  f o r  AH a n d  AT o f  s o u r c e s  ( c u r r e n t  o r  
v o l t a g e ) ,  r e s i s t o r s ,  c a p a c i t o r s ,  i n d u c t o r s ,  z e n e r  d i o d e s ,  d i o d e s ,  t r a n s -  
i s t o r s ,  a n d  m a g n e t i c  c o r e s .  
T h e  MTRAC p r o g r a m  c o n s i s t s  o f  two  s e c t i o n s ,  o n e  d e a l i n g  w i t h  i n i -  
t i a l i z a t i o n ,  a n d  t h e  o t h e r  w i t h  t h e  t r a n s i e n t  s o l u t i o n .  T h e  i n i t i a l -  
i z a t i o n  s e c t i o n  p e r f o r m s  t h e  f o l l o w i n g  f i v e  t a s k s :  ( 1 )  R e a d  i n  a n d  p r i n t  
o u t  g e n e r a l  i n p u t  d a t a .  ( 2 )  Read  i n  a n d  p r i n t  o u t  t h e  c i r c u i t - e l e m e n t  
d a t a .  ( 3 )  S o l v e  i n i t i a l  c o n d i t i o n s  ( o p t i o n a l ) .  ( 4 )  P r i n t  o u t  a n d  s t o r e  
i n i t i a l  c o n d i t i o n s .  ( 5 )  Read i n  and  p r i n t  o u t  c o n t i n u e d - r u n  d a t a  
( o p t i o n a l ) .  The  t r a n s i e n t - s o l u t i o n  s e c t i o n  p e r f o r m s  t h e  f o l l o w i n g  s e v e n  
t a s k s :  ( 1 )  Compute  t h e  m a g n i t u d e s  o f  t h e  t i m e - v a r i a b l e  c u r r e n t  and  
v o l t a g e  s o u r c e s .  ( 2 )  U n t i l  c o n v e r g e n c e  i s  a c h i e v e d ,  compute  by i t e r a t i o n s  
( u s i n g  a  r o u t i n e  f o r  s o l v i n g  m a t r i x  e q u a t i o n s  and  a  m o d i f i e d  Newton- 
Raphson method  f o r  s o l v i n g  t r a n s c e n d e n t a l  e q u a t i o n s )  a l l  t h e  n o d a l  v o l t a g e s  
and a l l  t h e  c u r r e n t s  t h r o u g h  t h e  n o n l i n e a r  e l e m e n t s  ( d i o d e s ,  t r a n s i s t o r s ,  
and m a g n e t i c - c o r e  w i n d i n g s ) ;  i f  n e c e s s a r y  r e s e t  t h e  unknown v a l u e s  a n d  c u t  
t h e  t i m e  s t e p ,  At. ( 3 )  Compute t h e  c u r r e n t s  t h r o u g h  t h e  l i n e a r  e l e m e n t s .  
( 4 )  A d j u s t  At a c c o r d i n g  t o  t h e  r e c e n t  c o n v e r g e n c e  c o n d i t i o n s  and u p d a t e  
t h e  t i m e  v a r i a b l e s  f o r  t h e  n e x t  A t .  ( 5 )  S t o r e  ( f o r  p l o t s )  and p r i n t  o u t  
t h e  r e s u l t i n g  t i m e  v a r i a b l e s .  ( 6 )  I f  t h e  r u n - t i m e  l i m i t  i s  a b o u t  t o  be 
e x c e e d e d ,  p u n c h  t h e  f i n a l  r e s u l t s  n e c e s s a r y  f o r  a  f u t u r e  c o n t i n u e d  r u n  on  
c a r d s .  ( 7 )  P r i n t - p l o t  t h e  s p e c i f i e d  v a r i a b l e  waveforms  and s t o r e  t h e  
p l o t  d a t a  on  a  t a p e ;  b e g i n  a  new mode, o r  e x i t .  
I n s t r u c t i o n s  f o r  d a t a  e n t r y  by t h e  u s e r  a r e  p r o v i d e d .  T h e s e  i n c l u d e  
d e f i n i t i o n s  o f  s p e c i a l  f u n c t i o n s  a n d / o r  a u x i l i a r y  v a r i a b l e s ,  and  i n p u t -  
d a t a  c a r d s  s p e c i f y i n g  t h e  r u n  c o n t r o l  and t h e  c i r c u i t - e l e m e n t  t o p o l o g y  
and p a r a m e t e r  v a l u e s .  The MTRAC p r o g r a m  h a s  b e e n  a p p l i e d  s u c c e s s f u l l y  
t o  t r a n s i e n t  a n a l y s e s  o f  s e v e r a l  m a g n e t i c - c o r e  c i r c u i t s .  R e s u l t i n g  wave-  
f o r m s  a r e  i l l u s t r a t e d  f o r  t h r e e  c i r c u i t s :  a  c o d e - d i o d e  s h i f t  r e g i s t e r ,  
a  t w o - p h a s e  c u r r e n t  d r i v e r ,  and an i n f o r m a t i o n - s e n s i n g  d r i v e r .  E x p e r i -  
m e n t a l  v e r i f i c a t i o n  i s  p r o v i d e d  f o r  t h e  f i r s t  two c i r c u i t s .  
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PREFACE 
T h i s  i s  t h e  f i n a l  r e p o r t  i n  a  s e r i e s  o f  y e a r l y  p r o j e c t s  i n v e s t i g a t i n g  
t h e  p r o p e r t i e s  o f  s q u a r e - l o o p  m a g n e t i c  c o r e s  f o r  t h e  J e t  P r o p u l s i o n  
L a b o r a t o r y .  T h i s  i n v e s t i g a t i o n  h a s  c o v e r e d  b a s i c  p h y s i c s  o f  m a g n e t i s m ,  
f l u x - s w i t c h i n g  b e h a v i o r ,  m a g n e t i c  c o r e  m o d e l i n g ,  a n d  t h e  a p p l i c a t i o n  o f  
t h e s e  m o d e l s  t o  c o m p u t e r  c i r c u i t  a n a l y s i s .  As a  r e s u l t  o f  t h i s  i n v e s t i -  
g a t i o n ,  f i v e  t e c h n i c a l  r e p o r t s  ( r e f e r r e d  t o  a s  R e p o r t s  1 t h r o u g h  5 )  
and  n i n e  t e c h n i c a l  h a v e  b e e n  p u b l i s h e d .  
A s  t h e  c o m p l e x i t y  o f  t h e  m a g n e t i c  c i r c u i t s  t o  b e  a n a l y z e d  h a s  i n -  
c r e a s e d  s t e a d i l y ,  i t  was d e c i d e d  a t  t h e  o u t s e t  o f  t h i s  p r o j e c t  t o  i n -  
c o r p o r a t e  t h e  c o r e  m o d e l s  i n t o  an u u t o m u t  e d  c i r c u i t -  t r a n s i e n t -  a n a l y s i s  
c o m p u t e r  p r o g r a m .  A u t o n e t i c s '  p r o g r a m  T R A C ( T r a n s i e n t  R a d i a t i o n  A n a l y s i s  
by C o m p ~ t e r ) l ~ - ~ ~  was s e l e c t e d  b e c a u s e  o f  i t s  e f f i c i e n c y  a n d  i t s  r e a d y  
a v a i l a b i l i t y .  I n  t h e  c o u r s e  o f  i m p l e m e n t i n g  t h i s  o b j e c t i v e ,  s e v e r a l  
m o d i f i c a t i o n s  h a v e  b e e n  made i n  t h e  o r i g i n a l  TRAC p r o g r a m .  
The  m o d i f i e d  p r o g r a m ,  c a l l e d  MTRAC, i s  d e s c r i b e d  i n  t h i s  r e p o r t .  
F o r  c o n v e n i e n c e ,  t h e  r e p o r t  i s  d i v i d e d  i n t o  two v o l u m e s .  Volume I 
d e s c r i b e s  t h e  me thod  o f  c o m p u t a t i o n ,  t h e  o r g a n i z a t i o n ,  a n d  t h e  a p p l i c a -  
t i o n  o f  t h e  MTRAC p r o g r a m .  Volume I1 i n c l u d e s  i n s t r u c t i o n s  f o r  t h e  
i n p u t - d a t a  c a r d s ,  g l o s s a r y  o f  v a r i a b l e s ,  and t h e  l i s t i n g  o f  t h e  MTRAC 
p r o g r a m .  
* References  a r e  l i s t e d  a t  t h e  e n d  of Volume I .  . 
x i 
I METHOD OF COMPUTATION IN MTRAC 
The  b a s i c  c o m p u t a t i o n  m e t h o d  u s e d  i n  t h e  MTRAC c o m p u t e r  p r o g r a m  i s  
d e s c r i b e d  f i r s t .  I t  w i l l  b e  shown t h a t  t h e  unknown c i r c u i t  t i m e  v a r i a b l e s  
c a n  b e  s o l v e d  f r o m  t h e  m a t r i x  e q u a t i o n  TI  = [HI X V 1 ,  w h e r e  T I  a n d  V ]  a r e  
co lumn m a t r i c e s  o f  c u r r e n t s  a n d  n o d a l  v o l t a g e s ,  r e s p e c t i v e l y ,  a n d  [ H I  i s  a  
s q u a r e  c o n d u c t a n c e  m a t r i x .  On t h e  b a s i s  o f  t h i s  m e t h o d ,  t h e  c o n t r i b u t i o n s  
t o  t h e  [HI a n d  T] m a t r i c e s  w i l l  t h e n  b e  d e r i v e d  f o r  v a r i o u s  c i r c u i t ,  e l -  
m e n t s ,  s u c h  a s  a  c u r r e n t  s o u r c e ,  a  r e s i s t o r ,  a  v o l t a g e  s o u r c e  w i t h  i n t e r n a l  
s e r i e s  r e s i s t a n c e ,  a  c a p a c i t o r ,  a n  i n d u c t o r ,  a  z e n e r  d i o d e ,  a  d i o d e ,  a  
t r a n s i s t o r ,  a n d  a  s q u a r e - l o o p  m a g n e t i c  c o r e .  
A .  B a s i c  C o m p u t a t i o n  Method  
1 .  M a t r i x  E q u a t i o n  T I  = [HI X V ]  
a .  D e r i v a t i o n  o f  TI = [ H I  VI 
C o n s i d e r  a  l i n e a r  o r  n o n l i n e a r  t w o - t e r m i n a l  c i r c u i t  e l e m e n t  E ,  
F i g .  l ( a ) .  T h e  e l e m e n t  i s  c o n n e c t e d  b e t w e e n  two n o d e s ,  a a n d  b ,  whose  
v o l t a g e s  ( t o  . g round)  a r e  V a  and  V b ,  r e s p e c t i v e l y .  As we s h a l l  show l a t e r ,  
t h e  c u r r e n t  f r o m  Node a t o  Node b a t  a  g i v e n  t i m e  s t e p  c a n  b e  a p p r o x i m a t e d  
by t h e  l i n e a r  e x p r e s s i o n  I. 
( a )  SCHEMATIC REPRESENTATION ( b )  APPROXI MATE EQUIVALENT 
ELEMENT 
TA -6408-1 
Figure 1 A TWO-TERMINAL CIRCUIT ELEMENT 
w h e r e  AH and AT a r e  c o n s t a n t s  r e p r e s e n t i n g  c o n d u c t a n c e  and  c u r r e n t , r e s p e c -  
t i v e l y .  T h u s ,  t h e  a p p r o x i m a t e  e q u i v a l e n c e  o f  a  t w o - t e r m i n a l  e l e m e n t  i s  a  
c o n d u c t a n c e  AH i n  p a r a l l e l  w i t h  a  c u r r e n t  s o u r c e  AT, a s  shown i n  F i g .  l ( b ) .  
I n  t h e  c a s e  o f  a  n o n l i n e a r  c i r c u i t  e l e m e n t ,  Eq. ( 1 )  i s  b a s e d  on  
" l i n e a r i z a t i o n "  o f  t h e  e l e m e n t ' s  o p e r a t i o n a l  ( o r  d y n a m i c )  c h a r a c t e r j  s t i c s ,  
Now s u p p o s e  t h a t  n t w o - t e r m i n a l  c i r c u i t  e l e m e n t s  a r e  c o n n e c t e d  
P 
i n  p a r a l l e l  b e t w e e n  Nodes  a and b ,  a s  shown i n  F i g .  2 .  T h e s e  e l e m e n t s  
may be  r e p r e s e n t e d  by an e q u i v a l e n t  t w o - t e r m i n a l  c i r c u i t  e l e m e n t ,  e n c l o s e d  
by  t-he d a s h e d  l i n e  i n  F i g .  2 ,  whose c u r r e n t  i s  
A p p l y i n g  Eq.  (1) t o  e a c h  j t h  c u r r e n t  i n  Eq.  ( 2 )  g i v e s  
Figure 2 TWO-TERMINAL CIRCUIT ELEMENTS IN PARALLEL 
H e n c e ,  AH a n d  AT o f  t h e  e q u i v a l e n t  c i r c u i t  e l e m e n t  a r e  
a n d  
If t h e  n p  e l e m e n t s  a r e  i d e n t i c a l ,  t h e n  E q s .  ( 3 )  a n d  ( 4 )  a r e  r e d u c e d  t o  
a n d  
w h e r e  t h e  s u b s c r i p t  i i s  a d d e d  t o  d e s i g n a t e  i d e n t i c a l  e l e m e n t s  a n d  w h e r e  
AH a n d  AT c o r r e s p o n d  t o  e a c h  i n d i v i d u a l  e l e m e n t .  
C o n s i d e r  now n s  i d e n t i c a l  t w o - t e r m i n a l  c i r c u i t  e l e m e n t s  w h i c h  
a r e  c o n n e c t e d  i n  s e r i e s  b e t w e e n  Nodes  a a n d  b ,  a s  shown i n  F i g .  3 .  The  
c u r r e n t  t h r o u g h  e a c h  e l e m e n t  i s  i a b .  A p p l y i n g  Eq .  ( 1 )  t o  t h e  c u r r e n t  o f  
e a c h  e l e m e n t ,  we o b t a i n  
L a  b = AH(Va - V,) - AT 
Figure 3 IDENTICAL TWO-TERMINAL CIRCUIT ELEMENTS IN SERIES 
Adding  t h e s e  n  e q u a t i o n s  and d i v i d i n g  by n s  g i v e s  
I d e n t i f y i n g  Eq.  ( 7 )  w i t h  Eq .  ( 1 )  g i v e s  AH and  AT o f  a n  e q u i v a l e n t  e l e m e n t  
o f  n s  i d e n t i c a l  t w o - t e r m i n a l  e l e m e n t s  i n  s e r i e s :  
and 
Compar ing  t h e  e q u i v a l e n t  c i r c u i t s  o f  e l e m e n t s  c o n n e c t e d  i n  
p a r a l l e l  and i n  s e r i e s ,  we o b s e r v e  t h e  f o l l o w i n g :  
( 1 )  U n l i k e  t h e  c a s e  o f  e l e m e n t s  i n  p a r a l l e l ,  t h e  c u r r e n t  
i a b  t h r o u g h  an e q u i v a l e n t  e l e m e n t  o f  n s  d i f f e r e n t  
e l e m e n t s  i n  s e r i e s  c a n n o t  b e  b r o u g h t  i n t o  t h e  f o r m  
o f  Eq.  ( 1 ) .  C o n s e q u e n t l y ,  we c a n  r e p r e s e n t  n s  
e l e m e n t s  i n  s e r i e s  by an e q u i v a l e n t  e l e m e n t  o n l y  
i f  t h e y  a r e  i d e n t i c a l .  
( 2 )  P h y s i c a l l y ,  E q s .  ( 5 )  and ( 8 )  s i m p l y  s t a t e  t h a t  t h e  
c o n d u c t a n c e  o f  n  i d e n t i c a l  e l e m e n t s  i n  p a r a l l e l  i s  
P 
n  t i m e s  l a r g e r  t h a n  and t h e  c o n d u c t a n c e  o f  . n s  
P 
i d e n t i c a l  e l e m e n t s  i n  s e r i e s  i s  n s  t i m e s  s m a l l e r  
t h a n  t h e  c o n d u c t a n c e  o f  an i n d i v i d u a l  e l e m e n t .  
( 3 )  E q u a t i o n s  ( 6 )  and ( 9 )  a g r e e  w i t h  t h e  f a c t  t h a t  
c u r r e n t s  add  i n  a  p a r a l l e l  c o n n e c t i o n ,  b u t  a r e  t h e  
same i n  a  s e r i e s  c o n n e c t i o n .  
C o n s i d e r  now an e n t i r e  n e t w o r k  o f  n  n o d e s ,  any  o n e  o f  w h i c h  may 
b e  Node a ,  i .  e . ,  1 5 a  5 n. Any j t h  e l e m e n t  b e t w e e n  Node a  and  t h e  r e -  
m a i n i n g  n - 1 n o d e s  i s  r e p r e s e n t e d  by Node b i n  Eq .  ( 1 ) .  F o r  e a c h  o f  
t h e s e  n  - 1 e l e m e n t s ,  E q .  ( 1 )  i s  w r i t t e n  a s  
i = AHl ( V a  - Vl ) - AT, . 
'=I 
I f  t h e r e  i s  no e l e m e n t  b e t w e e n  Node a a n d ,  s a y ,  Node m ,  t h e n  AHm = 0 and  
ATm = 0 ;  h e n c e ,  i o n  = 0 ,  a s  e x p e c t e d .  For  r e f e r e n c e ,  l e t  u s  assume t h a t  
a l l  t h e  n  - 1 c u r r e n t s  l e a u p  Node a .  An e x a m p l e  f o r  t h e  c a s e  o f  a = 1 
i s  shown s c h e m a t i c a l l y  i n  F i g .  4 .  A p p l y i n g  Eq.  ( 1 0 )  t o  e a c h  o f  t h e  
Figure 4 CIRCUIT ELEMENTS BETWEEN NODE a 
AND OTHER NETWORK NODES 
n - 1 c u r r e n t s  a n d  summing ,  we o b t a i n  
B u t ,  f o l l o w i n g  K i r c h o f f ' s  c u r r e n t  l a w ,  1 i = 0 .  H e n c e ,  
J 
w h e r e  
and  
A p p l y i n g  Eq .  ( 1 1 )  t o  e a c h  o f  t h e  n n o d e s  ( i . e . ,  l e t t i n g  a = 1 , 2 ,  . . .  n ) ,  
we o b t a i n  t h e  f o l l o w i n g  m a t r i x  e q u a t i o n  
o r ,  i n  b r i e f ,  
b .  F i l l i n g  t h e  [HI and  TI M a t r i c e s  
I n  F i g .  4  and Eq.  ( l l ) ,  t h e  a t t e n t i o n  was f o c u s e d  on  o n e  n o d e  
(Node a ) ,  a n d  t h e  e f f e c t  o f  a l l  t h e  c i r c u i t  e l e m e n t s  on t h i s  n o d e  was  
e x a m i n e d .  I n  f i l l i n g  t h e  [HI a n d  T] m a t r i c e s ,  h o w e v e r ,  e a c h  c i r c u i t  e l -  
ement  i s  e x a m i n e d  s e p a r a t e l y  by c o m p u t i n g  i t s  c o n t r i b u t i o n  t o  t h e  H  and  
T  e l e m e n t s  t h a t  c o r r e s p o n d  t o  i t s  t e r m i n a l s .  I n i t i a l l y ,  t h e  e l e m e n t s  o f  
t h e  [HI and  TI m a t r i c e s  a r e  s e t  t o  z e r o .  A l l  t h e  c i r c u i t  e l e m e n t s  o f  a  
g i v e n  t y p e  ( e . g . ,  s o u r c e s )  a r e  s c a n n e d ,  and  t h e  c o n t r i b u t i o n s  o f  e a c h  o f  
t h e s e  e l e m e n t s  t o  t h e  m a t r i x  e l e m e n t s  c o r r e s p o n d i n g  t o  i t s  two n o d e s  ( o r  
t h r e e  n o d e s  i n  c a s e  o f  a  t r a n s i s t o r )  a r e  c o m p u t e d .  T h i s  c o m p u t a t i o n  p r o -  
c e d u r e  i s  r e p e a t e d  f o r  t h e  r e m a i n i n g  c i r c u i t - e l e m e n t  t y p e s .  I f  no c i r c u i t  
e l e m e n t  e x i s t s  b e t w e e n ,  s a y ,  Nodes  n and  r n ,  t h e n  AHm = 0 a n d ,  f o l l o w i n g  
Eq .  ( 1 3 ) ,  H u m  = 0 .  On t h e  o t h e r  h a n d ,  i f  Node a  i s  common t o  4 c i r c u i t  
e l e m e n t s ,  t h e n ,  f o l l o w i n g  E q s .  ( 1 2 )  and  ( 1 4 1 ,  H u u  i s  t h e  sum o f  4 AH t e r m s  
and  T o  i s  t h e  sum o f  4 AT t e r m s .  
The  AH and AT t e r m s  c o r r e s p o n d i n g  t o  e a c h  n o d e  whose v o l t a g e  i s  
t o  b e  s o l v e d  w i l l  n e x t  be  e x a m i n e d  s e p a r a t e l y  f o r  a  t w o - t e r m i n a l  c i r c u i t  
e l e m e n t  and f o r  an a c t i v e  t h r e e - t e r m i n a l  c i r c u i t  e l e m e n t  ( t r a n s i s t o r ) ,  
2 .  A Two-Termina l  C i r c u i t  E l e m e n t  
C o n s i d e r  a  t w o - t e r m i n a l  c i r c u i t  e l e m e n t  a c r o s s  Nodes  a and b ,  F i g .  1 
I n  f i l l i n g  t h e  [HI and TI m a t r i c e s ,  t h r e e  c a s e s  a r e  d i s t i n g u i s h e d ,  a s  
shown i n  F i g .  5 :  
( 1 )  B o t h  V a  and  V b  a r e  unknown 
( 2 )  V a  i s  unknown and V b  = V s b  i s  known 
( 3 )  V a  = V s a  i s  known and V b  i s  unknown. 
I n  C a s e  ( I ) ,  b o t h  n o d e s  a r e  f l o a t i n g .  I n  C a s e  ( 2 ) ,  Node b i s  t i e d  
t o  e i t h e r  a  v o l t a g e  s o u r c e  ( V s b  # 0 )  o r  g r o u n d  ( V s b =  0 ) .  I n  C a s e  ( 3 ) ,  
Node a i s  t i e d  t o  e i t h e r  a  v o l t a g e  s o u r c e  ( V s a  # 0 )  o r  g r o u n d  ( V s a  = 0 ) .  
L e t  u s  examine  e a c h  c a s e  s e p a r a t e l y .  
( 1 )  Va ( 2 )  Vo unknown ( 3 )  Va ( =  Vsa ) known 
unknown 
vb Vb ( =  Vsb) known Vb unknown 
Figure 5 THREE CASES OF NODAL VOLTAGES OF A TWO-TERMINAL 
CIRCUIT ELEMENT 
a .  C a s e  ( 1 )  : Va And V b  Are  Unknown 
L e t  u s  f i r s t  c o n s i d e r  a  c u r r e n t  f l o w  f rom Node a t o  Node b .  
F o l l o w i n g  E q s .  ( 1 2 ) ,  ( 1 3 ) ,  and  ( 1 4 ) ,  t h e  c o n t r i b u t i o n s  o f  t h i s  c i r c u i t  
e l e m e n t  t o  t h e  m a t r i x  e l e m e n t s  H o a ,  H a b ,  and  Ta a r e  
and  
T h u s ,  Eq.  (1) may b e  w r i t t e n  i n  t h e  f o r m  
S o  f a r  we h a v e  r e f e r r e d  t o  a  c u r r e n t  f l o w  f r o m  Node a t o  Node b .  
H o w e v e r ,  i n  o r d e r  t o  c o m p l e t e l y  f i l l  t h e m a t r i c e s ,  we a l s o  h a v e  t o  c o n s i d e r  
t h e  c u r r e n t  i b a  f r o m  Node b t o  Node a .  S i n c e  i b a  = - i a b ,  E q ,  ( 1 )  y i e l d s  
Z b s  = AH(Vb - V a )  + AT . ( 2 1 )  
H o w e v e r ,  by  i n t e r c h a n g i n g  a a n d  b i n  E q .  (20) we a l s o  o b t a i n  
' b a = @HbbVb + AHbaVa - ATb . 
E q u a t i n g  E q s .  (21) a n d  ( 2 2 1 ,  we f i n d  t h a t  
and  
ATb = -AT . 
N o t e  t h a t  AHaa = A H b b  a n d  AHab = A H b a ,  b u t  ATa = - ATb, 
b .  C a s e  ( 2 ) :  V n  I s  Unknown; V , ( = V c h )  Is  Known 
S u b s t i t u t i n g  V b  = V s b  i n t o  Eq.  (1 )  g i v e s  
S i n c e  Vb i s  known,  t h e  m a t r i x  e q u a t i o n ,  Eq.  ( 1 5 ) ,  d o e s  n o t  i n c l u d e  V b  a n d  
i t s  a s s o c i a t e d  e l e m e n t s .  T h e  v a l u e s  o f  H u b ,  H b b ,  H b a ,  a n d  Tb a r e  t h e r e f o r e  
n o t  c o m p u t e d  a n d  Eq .  (20) i s  m o d i f i e d  t o  
' a b  
= AH V a  - ATa . 
a a 
By e q u a t i n g  E q s .  ( 2 6 )  a n d  (27) we f i n d  t h a t  
and  
C a s e  ( 3 ) :  V n ( = V Q n )  I s  Known; V ,  I s  Unknown 
S u b s t i t u t i n g  V a  = V s a  i n t o  E q .  ( 2 1 )  g i v e s  
The same a r g u m e n t s  f o r  Node b i n  C a s e  ( 2 )  now h o l d  f o r  Node a .  T h u s ,  
Eq .  ( 2 2 )  i s  m o d i f i e d  t o  
By e q u a t i n g  E q s .  ( 3 0 )  and ( 3 1 )  w e  f i n d  t h a t  
and  
3 .  An A c t i v e  T h r e e - T e r m i n a l  C i r c u i t  E l e m e n t  ( T r a n s i s t o r )  
A t r a n s i s t o r  model may b e  d e s c r i b e d  by a  t h r e e - t e r m i n a l  c i r c u i t  
e l e m e n t ,  a s  was d e s c r i b e d  i n  R e p o r t  5 .  L e t  B,  C, and E d e n o t e  t h e  n o d e s  
c o r r e s p o n d i n g  t o  t h e  b a s e ,  c o l l e c t o r ,  a c d  e m i t t e r ,  r e s p e c t i v e l y .  A s -  
suming  t h a t  t h e  v o l t a g e  o f  a t  m o s t  o n e  n o d e  i s  t i e d  t o  a  v o l t a g e  s o u r c e  
o r  g r o u n d ,  f o u r  c a s e s  a r e  d i s t i n g u i s h e d ,  a s  shown i n  F i g .  6 .  I n  C a s e  (1) 
t h e  v o l t a g e s  VB, V c ,  and VE o f  t h e  t h r e e  n o d e s  a r e  unknown, w h e r e a s  i n  
C a s e  ( 2 ) ,  ( 3 ) ,  o r  ( 4 ) ,  t h e  v o l t a g e  o f  Node B, C, o r  E ,  r e s p e c t i v e l y ,  i s  
known. L e t  u s  examine  e a c h  c a s e  s e p a r a t e l y .  
a .  C a s e  ( 1 ) :  V, ,  V,, and  V, Are Unknown 
The  b a s e  c u r r e n t  o f  a  t r a n s i s t o r  i s  
( I )  VB (2 )  VB(=VsB) known ( 3 )  VB unknown 
vc ) unknown Vc(=Vsc) known '4) VB) unknown 
'c} unknown Vc 
v~ "E VE unknown VE(= VsE) known 
Figure 6 FOUR CASES OF NODAL VOLTAGES OF A THREE-TERMINAL CIRCUIT 
ELEMENT (Transistor) 
where  i b c  a n d  i b e  may b e  e x p r e s s e d  a s  
' b c = AH, JV, - V,) + AH( c e )  (V, - V E )  - AT( ) ( 3 5 )  
and  
i b e  = AH(,c,(V5 - V C )  + AH(ee)(V5 - V E )  - A T ( e )  ( 3 6 )  
[Note  t h a t  t h e  c u r r e n t s  o f  a t w o - t e r m i n a l  d e v i c e  a r e  d e s c r i b e d  i n  E q s .  ( 1 )  
and  ( 2 1 )  by u s i n g  ( 2 - 1 ) '  = 1 AH term and  ( 2 - 1 )  = 1 AT t e r m ,  w h e r e a s  t h e  
c u r r e n t s  o f  an a c t i v e  t h r e e - t e r m i n a l  d e v i c e  a r e  d e s c r i b e d  a b o v e  b y  u s i n g  
( 3 - 1 )  ' = 4 .AH t e r m s  and  (3-1) = 2 AT t e r m s .  I 
Combin ing  E q s .  (341, ( 3 5 ) ,  a n d  ( 3 6 ) ,  we o b t a i n  
i, = AH, ,V5 + AHb c V c  + mb e v E  - ATb J 
where  
and  
AT, = AT,c, + AT,,) 
C o n s i d e r  now t h e  c o l l e c t o r  c u r r e n t .  S i n c e  i c  = - i b c ,  Eq.  ( 3 5 )  
y i e l d s  
w h e r e  
and 
ATc = -AT,c, . 
F i n a l l y ,  c o n s i d e r  t h e  e m i t t e r  c u r r e n t .  S i n c e  i e  = i b e ,  Eq.  ( 3 6 )  
y i e l d s  
- i e  = AHebVB + AHeC', + A H e e v ~  - ATe ( 4 7  
w h e r e  
AHec = q e c ,  
'Hee = A H ( e e )  
and  
ATe = -AT(e) 
A summary o f  E q s .  ( 3 7 )  t h r o u g h  ( 5 1 )  i s  g i v e n  a s  f o l l o w s :  
w h e r e ,  f o r  r a n d  s d e s i g n a t i n g  b ,  c ,  o r  e ,  t h e  ATr and  AHr e l e m e n t s  a r e  
e x p r e s s e d  i n  t h e  f o l l o w i n g  t a b u l a t e d  e q u a t i o n s :  
N o t e  t h a t  t h e  t e r m s  o f  e a c h  co lumn and e a c h  row i n  t h e  A H r s m a t r i x  a d d  u p  
t o  z e r o .  The  same i s  t r u e  f o r  t h e  ATr column m a t r i x .  
b .  C a s e  ( 2 ) :  VB ( = V s B )  IS  Known; V, a n d  VE A r e  Unknown 
S i n c e  VB = VsB,  Eq. ( 4 2 )  i s  m o d i f i e d  t o  
w h e r e  A H c c  a n d  AHce a r e  e x p r e s s e d  i n  E q s .  ( 4 4 )  and  ( 4 5 ) ,  and  
S i m i l a r l y ,  E q .  ( 4 7 )  i s  m o d i f i e d  t o  
- i = AH, V, + AH,, V, 1 ATe , 
w h e r e  AHec a n d  AHee a r e  e x p r e s s e d  i n  E q s .  ( 4 9 )  and  ( S O ) ,  a n d  
To s u m m a r i z e ,  t h e n ,  
w h e r e ,  f o r  r a n d  s d e s i g n a t i n g  c o r  e ,  
c .  C a s e  ( 3 )  : Vc ( = V s c )  Is  Knowp; VB a n d  VE A r e  Unknown 
S i n c e  Vc = V s c ,  Eq.  ( 3 7 )  i s  m o d i f i e d  t o  
w h e r e  AHbb a n d  A H b e  a r e  e x p r e s s e d  i n  E q s .  ( 3 8 )  a n d  ( 4 0 ) ,  and  
AT,  = + A T ( e )  + + @ ' ( e c ) I V s C  * 
S i m i l a r l y ,  E q .  ( 4 7 )  i s  m o d i f i e d  t o  
- i = AH,, V,  + AHe VE - @Te r 
w h e r e  @ H e  a n d  AHe a r e  e x p r e s s e d  i n  E q s .  ( 4 8 )  a n d  ( 5 0 ) ,  a n d  
To s u m m a r i z e ,  
w h e r e ,  f o r  r a n d  s d e s i g n a t i n g  b o r  e ,  
d .  C a s e  (4): VE ( = V s ~ )  IS Known; VB And Vc A r e  Unknown 
S i n c e  VE = V s E ,  Eq.  (37) i s  m o d i f i e d  t o  
i b  = A H b b V B  + A H b c V c - A T ,  , 
w h e r e  A H b b  and  A H b c  a r e  e x p r e s s e d  i n  E q s .  (38) and  (39), a n d  
AT, = A T ( c )  + A T ( e )  ' ' A H ( e e )  + A H ( c e  )"SE 
S i m i l a r l y ,  E q .  (42) i s  m o d i f i e d  t o  
i c  = AHcbV, + AHccVc - ATc , 
w h e r e   AH^^ a n d  A H c c  a r e  e x p r e s s e d  i n  E q s .  (43) and  (441, and  
To s u m m a r i z e ,  
w h e r e ,  f o r  r a n d  s d e s i g n a t i n g  b o r  c ,  
B .  C a l c u l a t i o n  o f  t h e  AH a n d  AT Terms  f o r  E l e c t r i c  
C i r c u i t - E l e m e n t  M o d e l s  
We s h a l l  n e x t  d e r i v e  t h e  e x p r e s s i o n  f o r  AH a n d  AT o f  v a r i o u s  t w o -  
t e r m i n a l  e l e c t r i c  c i r c u i t  e l e m e n t s  ( c u r r e n t  s o u r c e s ,  r e s i s t o r s ,  v o l t a g e  
s o u r c e s ,  c a p a c i t o r s ,  i n d u c t o r s ,  z e n e r  d i o d e s ,  d i o d e s ,  a n d  t r a n s i s t o r s .  
T h e s e  e x p r e s s i o n s  w i l l  b e  d e r i v e d  by c a l c u l a t i n g  t h e  c u r r e n t  o f  a  two-  
t e r m i n a l  d e v i c e  and i d e n t i f y i n g  t h e  r e s u l t  w i t h  Eq.  ( 1 ) .  I n  t h e  c a s e  o f  
a  t r a n s i s t o r ,  t h e  e x p r e s s i o n s  f o r  AH( c , ,  AH, c , ,  , AT( ) ,  AH( c ) ,  AH( ) ,  
and A T ( p  ) w i l l  b e  d e r i v e d  by c a l c u l a t i n g  i b c  a n d  i b e  and  i d e n t i f y i n g  t h e  
r e s u l t s  w i t h  E q s .  ( 3 5 )  a n d  ( 3 6 ) ,  r e s p e c t i v e l y .  The  c a s e  o f  a  s q u a r e - l o o p  
c o r e  i s  t r e a t e d  s e p a r a t e l y  i n  S e c .  I - C ,  p p .  4 0 - 7 8 .  
1. C u r r e n t  S o u r c e  
C o n s i d e r  a  c u r r e n t  s o u r c e ,  F i g .  7. A p p l y i n g  Eq.  (1) g i v e s  
We t h u s  o b t a i n  t h e  s i m p l e  r e l a t i o n s  
and 
2 .  R e s i s t o r  
C o n s i d e r  a  r e s i s t o r ,  F i g .  8 .  By i n s p e c t i o n ,  
H e n c e ,  
a n d  
- 
a lob b 
Figure 7 A CURRENT SOURCE Figure 8 A RESISTOR 
N o r m a l l y ,  R i s  c o n s t a n t  i n  t i m e .  However ,  i n  o r d e r  t o  f a c i l i t a t e  a  
s w i t c h i n g  p r o c e s s  d u r i n g  a  g i v e n  p e r i o d  o f  t i m e ,  t h e  r e s i s t o r  model  may 
b e  e x t e n d e d  s o  a s  t o  a l l o w  R t o  v a r y  i n  t i m e .  A l i n e a r  o r  n o n l i n e a r  R(t) 
d u r i n g  t h e  p e r i o d  t o  5 t ( t f  may b e  d e s c r i b e d  by t h e  p a r a b o l i c  f u n c t i o n  
w h e r e  R o  and  Rf a r e  t h e  v a l u e s  o f  R a t  t = t o  and  t = t f ,  r e s p e c t i v e l y .  
F o r  e i t h e r  Rf > R o  o r  Rf < R,, i f  p > 1, t h e n  R(t) v a r i e s  f a s t e r  n e a r  R f 
t h a n  n e a r  Ro [ i n  t h e  l i m i t ,  a s  p + Go, R(t) + Ro d u r i n g  t o  ( t < t f ] ;  i f  
p = 1 ,  t h e n  R(t) i s  l i n e a r ;  and i f  p < 1, t h e n  R(t) v a r i e s  f a s t e r  n e a r  
Ro t h a n  n e a r  R [ i n  t h e  l i m i t ,  a s  p + 0 ,  R(t) + R f  d u r i n g  t o  < t 5 t f ] .  f 
T h e s e  t h r e e  c a s e s  a r e  shown i n  F i g .  9 f o r  Rf > Ro. 
Figure 9 VARIATION OF R(t) WITH DIFFERENT p VALUES 
D i f f e r e n t i a t i n g  E q .  (78) w i t h  r e s p e c t  t o  t i m e ,  we o b t a i n  
(t - tO)p-l 
R(t) = (Rf - R0)p ( 7 9 )  
(tf - t O l P  
T h u s ,  a t  t = t o ,  R = 0 i f  p > 1,  R = (Rf - R,)/(tf - t o )  i f  p = 1 ,  and  
I ; + . ?  i f  p < 1. However ,  a t  t = t f ,  R = p(Rf - Ro)/(tf - to) f o r  a l l  
c a s e s .  
T h e  f u n c t i o n  e x p r e s s e d  by Eq.  ( 7 8 )  may b e  a p p l i e d  w i t h  d i f f e r e n t  
p a r a m e t e r s  i n  s u c c e s s i v e  modes o f  o p e r a t i o n .  The  v a l u e s  o f  t and R f  f 
o f  o n e  mode a r e  e q u a l  t o  t h e  v a l u e s  o f  t o  and  R o  o f  t h e  f o l l o w i n g  mode. 
D e s i g n a t i n g  t h e  mode number by s u b s c r i p t  rn, we g e t  
t o ( r n )  = t f ( m - l )  ( 8 0 )  
and  
I f  R ( t )  d u r i n g  a  g i v e n  mode i s  c o n s t a n t ,  t h e n  R f  = R o  ( i t  i s  t h e n  i r r e l -  
e v a n t  what  t h e  v a l u e  o f  p i s ;  h o w e v e r ,  f o r  p rogramming  p u r p o s e s ,  we 
s h a l l  l e t  p = 0 ) .  An example  i s  shown i n  F i g .  10  f o r  v a r i a t i o n  o f  R ( t )  
i n  f o u r  modes .  
0 tl t 2  t -  t 3  t4  
MODE I / II 1 m I m I  
TA-6408-10 
Figure 10 A FOUR-MODE R(t) VARIATION 
The r e q u i r e d  p a r a m e t e r s  a r e  R o  and  t o  o f  t h e  f i r s t  mode, and  R f ,  t f ,  and 
p o f  e a c h  o f  t h e  f o l l o w i n g  m o d e s .  F o l l o w i n g  E q s .  ( 7 6 )  and ( 7 7 ) ,  
AH = l / R ( t )  and  AT = 0 ,  where  R (  t )  i s  computed  f rom Eq. ( 7 8 ) .  
3 .  V o l t a g e  S o u r c e  
"b 
C o n s i d e r  a  v o l t a g e  s o u r c e  i n  b----.o 
s e r i e s  w i t h  an i n t e r n a l  r e s i s t a n c e  a l ab  R, +V,- b 
TA-6408-11 R s ,  a s  shown i n  F i g .  11. 
H e r e ,  , Figure 11 A VOLTAGE SOURCE 
IN  SERIES WITH R, 
Hence 
and 
4 .  C a p a c i t o r  
C o n s i d e r  a  c a p a c i t o r  model  c o n s i s t i n g  o f  C a p a c i t a n c e  C i n  s e r i e s  
w i t h  R e s i s t a n c e  R c  and i n  p a r a l l e l  w i t h  L e a k a g e  R e s i s t a n c e  R C S H ,  a s  shown 
i n  F i g .  1 2 .  L e t  a '  b e  t h e  i n t e r n a l  n o d e  b e t w e e n  R c  and  C,  and  l e t  VL b e  
i t s  v o l t a g e .  The v o l t a g e  a c r o s s  C i s  
Figure 12 A CAPACITOR MODEL 
A p p l y i n g  t h e  t r a p e z o i d a l  i n t e g r a t i o n  m e t h o d ,  w e  g e t  
B u t ,  u s i n g  i n t e r n a l  c u r r e n t s  i l  a n d  i 2 '  
w h e r e  i Z  = V C / H C S H .  S u b s t i t u t i n g  
a n d  
i n t o  E q .  ( 8 5 )  g i v e s  
V c  (2c +*) - + A t [ i a b  ' i Q b ( - l )  1 
C S H  
S u b s t i t u t i n g  t h e  r e l a t i o n s  
V c  = \la - V b  - i a  b R C  
a n d  
V C ( - l )  = V a ( - l )  - V b ( - l )  - ' a b ( - 1 )  R C 
i n t o  E q .  ( 8 6 1 ,  we o b t a i n  
w h e r e  
a n d  
and 
E q .  ( 8 7 )  i s  r e d u c e d  t o  
' a b  = h a a ( V a  - V b )  - b l  [ V a p l )  - V b ( - l )  + b 2 1  . 
I d e n t i f y i n g  E q s .  ( 9 5 )  a n d  ( 1 )  ~ i e l d s  
and 
5 .  I n d u c t o r  
C o n s i d e r  an  i n d u c t o r  m o d e l  o f  i n d u c t a n c e  L i n  s e r i e s  w i t h  i n t e r n a l  
r e s i s t a n c e  R L  a n d  i n  p a r a l l e l  w i t h  i n t e r n a l  s h u n t  r e s i s t a n c e  R L S H ,  a s  
shown i n  F i g .  1 3 .  D e s i g n a t i n g  an i n t e r n a l  v o l t a g e  V i ,  t h e  v o l t a g e  a c r o s s  
L i s  
V L  = vh - V b  . 
Figure 13 AN INDUCTOR MODEL 
U s i n g  i n t e r n a l  c u r r e n t s  i l  and  i 2 ,  t h e  t o t a l  i n d u c t o r  c u r r e n t  i s  
L a b  = i l  + i 2  . 
By i n s p e c t i o n  o f  F i g .  1 3 ,  
A p p l y i n g  t h e  t r a p e z o i d a l  i n t e g r a t i o n  m e t h o d ,  we g e t  
( d i l / d t ) ( - l )  + ( d i l / d t )  
L 1  = % - l )  + nt 
2 
C o m b i n i n g  E q s .  ( 9 8 )  and  ( 9 9 )  g i v e s  
By i n s p e c t i o n  o f  F i g .  1 3 ,  
i 2  = V L I R L S H  
S i n c e  i a b  = i l  + i 2 ,  a d d i n g  t h e  a b o v e  two e x p r e s s i o n s  a n d  s u b s t i t u t i n g  
S u b s t i t u t i n g  
and 
i n t o  E q .  ( l o o ) ,  we o b t a i n  
= h a a ( V a  - V b )  - C 1 [ V a ( - l )  - v b ( - l )  + C 2 1  . ( 1 0 1 )  
w h e r e ,  l e t t i n g  
and 
t h e n  
and 
I d e n t i f y i n g  E q .  ( 1 0 1 )  w i t h  E q .  ( 1 )  y i e l d s  
and 
I n  d e r i v i n g  t h e  a b o v e  e x p r e s s i o n s  f o r  AH and AT, n o t h i n g  h a s  b e e n  
s t a t e d  a b o u t  w h e t h e r  L i s  c o n s t a n t  o r  n o t .  R e f e r r i n g  t o  F i g .  1 3 ,  l e t  u s  
now a l l o w  L t o  b e  e i t h e r  c o n s t a n t  o r  a f u n c t i o n  o f  i l .  U s i n g  t h e  n o n -  
l i n e a r  i n d u c t o r  model  i n  R e p o r t  5 ,  p p .  8 3 - 8 4 ,  we h a v e  
where  L o  i s  t h e  v a l u e  o f  L a t  i l  = 0  and  I c o n  i s  t h e  c u r r e n t  c o n s t a n t  
S i n c e  
and 
we o b t a i n  
A f t e r  V ]  = T ] / [ H ] ,  E q .  ( 1 6 ) ,  i s  s o l v e d  f o r ,  t h e  v a l u e  o f  i a b  t h r o u g h  
t h e  i n d u c t o r  i s  c o m p u t e d .  T h i s  c o m p u t a t i o n  i s  b a s e d  on  Eq .  ( 1 )  i f  b o t h  
V  and  V b  a r e  unknown; on Eq.  ( 2 7 )  i f  V a  i s  unknown and V b  = V s  b ;  o r  on 
Eq. ( 3 1 )  i f  V a  = V s a  and V b  i s  unknown. Knowing t h e  v a l u e s  o f  i a b ,  V a ,  
and V b ,  t h e n  i l  and  L a r e  c o m p u t e d  f rom E q s .  ( 1 1 0 )  and  ( 1 0 9 ) .  The v a l u e  
o f  L i s  t h e n  u s e d  t o  compute  AH a n d  AT f rom E q s .  ( 1 0 2 )  t h r o u g h  ( 1 0 8 ) .  
F o r  e c o n o m i c a l  r e a s o n s ,  L ( i l )  w i l l  b e  computed  o n c e  e v e r y  A t ,  b e f o r e  
t h e  f i r s t  i t e r a t i o n  b e g i n s .  
Z e n e r  D i o d e  
A z e n e r  d i o d e  and i t s  d c  c h a r a c t e r i s t i c  a r e  shown i n  F i g ,  l 4 ( a ) .  
An e q u i v a l e n t  c i r c u i t  f o r  t h e  z e n e r  d i o d e  may b e  s i m u l a t e d  by t h e  model  
shown i n  F i g .  1 4 ( b ) .  N o r m a l l y ,  t h e  z e n e r  i s  r e v e r s e d  b i a s e d  ( V a b  < 0 )  
and  D i o d e  d 2  may b e  o m i t t e d .  
I n  many c a s e s ,  a  s i m p l e r  z e n e r - d i o d e  model  i s  a d e q u a t e .  I f  we 
n e g l e c t  t h e  z e n e r - d i o d e  c a p a c i t a n c e  and p i e c e w i s e  l i n e a r i z e  i t s  d c  c h a r -  
a c t e r i s t i c ,  we o b t a i n  t h e  s i m p l i f i e d  model  shown i n  F i g .  1 4 ( c ) .  By i n -  
s p e c t i o n ,  
f o r  va  b 5 " 2  b ( l l l a )  
f o r  V z b  5 V a b  5 V z f  ( l l l b )  
f o r  ' z f  5 ' a b  9 ( 1 1 1 ~ )  
w h e r e  E Z  and  E Z  a r e  c o n s t a n t  v o l t a g e s ,  R z b ,  R Z ,  and  R Z  a r e  c o n s t a n t  
r e s i s t a n c e s ,  a n d  V Z b  and V Z f  a r e  b o u n d a r y  v o l t a g e s .  N o t e  t h a t  E Z b  and  
V Z b  h a v e  n e g a t i v e  v a l u e s .  By e q u a t i n g  V a b / R Z  t o  ( V a b  - E z b ) / R Z b  a n d  t o  
( a )  A ZENER DIODE AND ITS dc CHARACTERISTIC 
( b )  A ZENER-DIODE MODEL 
( c )  A PIECEWISE LINEAR ZENER-DIODE MODEL AND ITS CHARACTERISTIC 
TA-6408-14 
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( V a b  - E Z f ) / R z f  we o b t a i n ,  r e s p e c t i v e l y ,  
a n d  
From E q s .  ( 1 1 1 )  a n d  t h e  e x p r e s s i o n s  f o r  AH a n d  AT o f  a  v o l t a g e  s o u r c e  
i n  s e r i e s  w i t h  a  r e s i s t a n c e ,  E q .  ( 8 3 )  and  ( 8 4 ) ,  we o b t a i n  
f o r  'a b 5 'z b ( 1 1 4 a )  
f o r  ' ~ b  5 ' ab  5 ' z f  ( l l 4 b )  
f o r  v z f  - < ' ab  ( 1 1 4 ~ )  
a n d  
f o r  v a b  5 V z b  ( 1 1 5 a )  
f o r  V z b  5 'ab 5 ' z f  ( 1 1 5 b )  
f o r  v z f  - < ' a b  ( 1 1 5 ~ )  
S i n c e  a  z e n e r  d i o d e  i s  s e l d o m  f o r w a r d  b i a s e d  and  s i n c e  t h e  v a r i a t i o n s  
i n  t h e  v a l u e s  o f  E Z f  a n d  R Z f  among t h e  d i f f e r e n t  d i o d e s  a r e  n e g l i g i b l e ,  
we s h a l l  f u r t h e r  s i m p l i f y  t h e  z e n e r - d i o d e  mode l  by a s s u m i n g  t h a t  
E z f  = 0 . 7 V  a n d  R z f  = 1,012. C o n s e q u e n t l y ,  t h r e e  p a r a m e t e r s  a r e  n e e d e d :  
R Z  - h i g h  z e n e r - d i o d e  r e s i s t a n c e ,  
R Z  - l o w  b a c k  z e n e r - d i o d e  r e s i s t a n c e ,  
and  
E Z b  - e x t r a p o l a t e d  b a c k  z e n e r - d i o d e  v o l t a g e  t h r e s h o l d .  
T h u s ,  i f  V z  > 0 . 7 V ,  t h e n  nli = 1 . 0 0 - I  a n d  AT = 0.712. 
7 .  D i o d e  
A d i o d e  mode l  i s  shown i n  F i g .  1 5 .  T h i s  i s  t h e  same model  t h a t  was  
u s e d  i n  R e p o r t  5 ,  p p .  8 5 - 8 7 ,  e x c e p t  f o r  a m i n o r  d i f f e r e n c e :  The  d i f f u s i o n  
a iab Rd  a' i, - 
' f d  
Figure 15 A DIODE MODEL 
c a p a c i t a n c e ,  C d d ,  i s  r e p l a c e d  by a  c u r r e n t  s o u r c e  T d ( d i f d / d t )  whose  m a g n i -  
t u d e  i s  i d e n t i c a l  w i t h  t h e  c u r r e n t  t h r o u g h  C d d .  A c c o r d i n g l y ,  
w h e r e  [ s e e  R e p o r t  5 ,  E q s .  ( 8 5 ) ,  ( 8 5 a ) ,  a n d  ( 8 7 ) I  
a n d  
C d d  = k d ( i f d  + I s d l  = k d Z s d e  vd/ei7id 
a n d  w h e r e  
T r a n s f o r m i n g  E q .  ( 1 1 7 )  i n t o  t h e  f o r m  V d ( i f d ) ,  we o b t a i n  
On t h e  b a s i s  o f  E q s .  ( 1 1 6 )  t h r o u g h  ( 1 1 8 ) ,  we o b t a i n  t h e  r e l a t i o n  
I n s t e a d  o f  u s i n g  t h e  p a r a m e t e r s  e n d  and k d j  we s h a l l  now u s e  t h e  
p a r a m e t e r s  m d  and  T d .  
By i n s p e c t i o n  o f  F i g .  1 5 ,  
L e t  u s  c a l c u l a t e  e a c h  o f  t h e  t h r e e  c u r r e n t  c o m p o n e n t s  s e p a r a t e l y ,  s t a r t i n g  
w i t h  i l .  By i n s p e c t i o n ,  
h e n c e  
I n  o r d e r  t o  e v e n t u a l l y  i d e n t i f y  i a b  w i t h  Eq.  (I), we mus t  e x p r e s s  
i l  a s  a  l i n e a r  f u n c t i o n  o f  V d .  S i n c e  i f d  i s  a n  e x p o n e n t i a l  f u n c t i o n  o f  
Vd, Eq .  ( 1 1 7 ) ,  we s h a l l  r e s o r t  t o  l i n e a r i z a t i o n  o f  t h i s  f u n c t i o n .  How- 
e v e r ,  s i n c e  s u c h  l i n e a r i z a t i o n  i s  v a l i d  o n l y  a l o n g  a  s m a l l  segment  a r o u n d  
t h e  t r u e  v a l u e s  o f  i f d  a n d  Vd, t h e  s o l u t i o n  m u s t  b e  i t e r a t i v e .  The MTRAC 
p r o g r a m  u s e s  a  p r o c e d u r e  w h i c h  i s  b a s e d  on a  m o d i f i e d  Newton-Raphson 
i t e r a t i o n  method!' T h i s  p r o c e d u r e  i s  i l l u s t r a t e d  i n  F i g .  16  and i s  d e -  
s c r i b e d  b e l o w .  
L e t  t h e  i n i t i a l  p o i n t  on t h e  i f d  u s .  Vd c u r v e  b e  d e n o t e d  by o * .  A 
t a n g e n t  t o  t h e  i f d  u s .  Vd c u r v e  i s  drawn a t  P o i n t  o * ,  and  t h e  d i o d e  c h a r -  
a c t e r i s t i c  i s  t h e n  r e p r e s e n t e d  by t h e  s t r a i g h t  l i n e  d l  i n  d e r i v i n g  t h e  
AH and  AT t e r m s .  C o n s i d e r i n g  t h e  e n t i r e  c i r c u i t ,  t h e  [HI and  TI m a t r i c e s  
a r e  f i l l e d  and V] = T] / [H]  i s  s o l v e d  f o r .  The  v a l u e  o f  Vd i s  d e t e r m i n e d  
f rom t h e  s o l u t i o n  o f  V], and  c o r r e s p o n d s  t o  P o i n t  1 i n  F i g .  1 6 .  The  v a l u e  
i f d ( l )  i s  t h e n  compared  w i t h  i f d [ V d ( l ) ] j  i . e . , w i t h  t h e  v a l u e  o f  i f d  
o b t a i n e d  by s u b s t i t u t i n g  Vd = V d ( l )  i n t o  Eq .  ( 1 1 7 ) .  I n  t h i s  e x a m p l e ,  t h e  
two v a l u e s  a r e  f o u n d  t o  b e  f a r  a p a r t  ( i .  e . ,  by more t h a n  1 0  p e r c e n t ) ;  
h e n c e ,  c o n v e r g e n c e  h a s  n o t  b e e n  a c h i e v e d .  A  h o r i z o n t a l  s t r a i g h t  l i n e  i s  
t h e n  drawn f r o m  P o i n t  1; t h i s  l i n e  i n t e r s e c t s  t h e  i f d  u s .  Vd c u r v e  a t  
Figure 16 ITERATIVE SOLUTION OF if, AND V, 
P o i n t  I * .  The a b o v e  p r o c e d u r e  i s  now r e p e a t e d  f o r  a  new l i n e a r i z e d  d i o d e  
c h a r a c t e r i s t i c ,  d 2 ,  w h i c h  i s  t a n g e n t  a t  P o i n t  1.. The  r e s u l t s ,  m a r k e d  by 
P o i n t s  2 and  2 * ,  s t i l l  do n o t  s a t i s f y  t h e  c o n v e r g e n c e  c r i t e r i o n .  I n  t h e  
e x a m p l e  shown,  c o n v e r g e n c e  i s  f i n a l l y  a c h i e v e d  a t  t h e  t h i r d  i t e r a t i o n  by 
r e a c h i n g  P o i n t  3 ,  which  i s  c l o s e  enough  t o  t h e  i f d  u s .  Vd c u r v e .  
On t h e  b a s i s  o f  t h e  p r o c e d u r e  d e s c r i b e d  a b o v e ,  t h e  d i o d e  c h a r a c t e r -  
i s t i c  i s  r e p r e s e n t e d  i n  F i g .  17  by a  s t r a i g h t  l i n e ,  d ,  w h i c h  i s  t a n g e n t  
t o  t h e  ifd u s .  Vd c u r v e  a t  a  p o i n t  o b t a i n e d  by t h e  e n d  o f  t h e  p r e v i o u s  
i t e r a t i o n .  The v a l u e s  o f  i and Vd o b t a i n e d  a t  t h e  p r e v i o u s  i t e r a t i o n  
f d  
a r e  d e s i g n a t e d  by t h e  s u b s c r i p t  < - I > ,  i . e . ,  i f d < - l >  a n d  Vd<- l>. The 
s t r a i g h t  l i n e  d  h a s  a  s l o p e  s  and i s  d e s c r i b e d  by  t h e  f u n c t i o n  
S i n c e  s  = (difd/dVd) @ Vd = V d < - l > ,  d i f f e r e n t i a t i o n  o f  E q .  ( 1 1 7 )  g i v e s  
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Substituting Eq. (124) into E q .  (123) gives 
Substituting E q .  (125) into E q .  (122) gives 
Referring back to Fig. 1 5 ,  we n o w  turn to the second and third 
current components, i 2  and i 3 .  Applying E q .  ( 8 7 1 ,  in which R c  = 0 and 
D e s i g n a t i n g  i 2  ( -  by i c ,  ) ,  we o b t a i n  
1 d 
w h e r e ,  u s i n g  E q .  ( 8 8 )  i n  R e p o r t  5 ,  
f o r  
N o t e  t h a t  C j d  i s  l i m i t e d  a r b i t r a r i l y  t o  a  maximum v a l u e  o f  C j  o d / ( O .  l N d ) .  
T h i s  p r o v i s i o n  i s  a d d e d  h e r e  i n  o r d e r  t o  p r e v e n t  an  u n r e a l i s t i c  b l o w u p  o f  
C l d  a s  V d < - l >  + V v d  T h u s ,  f o r  e x a m p l e ,  i f  N d  = 0 .  5 ,  t h e n  C .  c a n n o t  1 d 
e x c e e d  3 . 1 6  C j o d .  
The  t h i r d  c u r r e n t  componen t  i s  s i m p l y  
A d d i n g  i l ,  i 2 ,  and  i 3 ,  we f i n d  t h a t  
w h e r e  
and  
A s l i g h t l y  s i m p l e r  v e r s i o n  o f  E q s .  ( 1 3 1 )  and  ( 1 3 2 )  may b e  a c h i e v e d  
i f ,  i n s t e a d  o f  u s i n g  E q .  ( 1 2 7 ) ,  t h e  a p p r o x i m a t i o n  
i s  u s e d .  I n  t h i s  c a s e ,  
and 
We now p r o c e e d  by s u b s t i t u t i n g  
i n t o  E q .  ( 1 3 0 )  and  i d e n t i f y i n g  t h e  r e s u l t i n g  e x p r e s s i o n  w i t h  E q .  ( 1 )  
We t h u s  o b t a i n  
H e n c e ,  
and  
A n o t h e r  s i m p l i f i c a t i o n  may b e  o b t a i n e d  by a s s u m i n g  t h a t  R d  = 0 .  I n  
t h i s  c a s e ,  
and  
E q u a t i o n s  ( 1 3 4 ) ,  ( 1 3 5 ) ,  ( 1 3 9 ) ,  a n d  ( 1 4 0 )  a r e  ~ r e s e n t l y  u s e d  i n  t h e  
MTRAC p r o g r a m  t o  c o m p u t e  G ,  A ,  AH, a n d  AT, r e s p e c t i v e l y .  L e t  u s  e x a m i n e  
t h e s e  e q u a t i o n s  f u r t h e r .  The  n o n i t e r a t i v e  t e r m s  i n  t h e  e x p r e s s i o n  f o r  
G and  A ,  E q s .  ( 1 3 4 )  and  ( 1 3 5 ) ,  n e e d  n o t  b e  c o m p u t e d  e v e r y  i t e r a t i o n .  
Such  t e r m s  a r e  c l a s s i f i e d  i n t o  two c a t e g o r i e s :  
( 1 )  C o n s t a n t  t e r m s  
C l  = 0 . 9 V P d  
C 2  = 
C 3  = l /Qd 
c 4  = l/V(pd 
( 2 )  A t  - d e p e n d e n t  t e r m s  
d t  1 = Td/At  
d ,  2 = 1 + ( T d / A t )  = 1 + d , ,  
d t  3 = c, , , /At  . 
I n  o r d e r  t o  a c h i e v e  e f f i c i e n c y  i n  t h e  c o m p u t a t i o n  o f  AH and  AT, t h e  c o n -  
s t a n t  t e r m s  a r e  computed  o n c e  f o r  t h e  e n t i r e  r u n ,  and  new A t - d e p e n d e n t  
t e r m s  a r e  c o m p u t e d  whenever  t h e r e  i s  a  c h a n g e  i n  A t .  L e t  
and  
S u b s t i t u t i n g  E q s .  ( 1 4 1 )  t h r o u g h  ( 1 5 0 )  i n t o  E q s .  ( 1 3 4 )  and  ( 1 3 5 )  t h e n  
y i e l d s  
AH = b t d  
and  
8 .  T r a n s i s t o r  
An npn t r a n s i s t o r  mode l  i s  shown i n  F i g .  1 8 .  T h i s  i s  t h e  same model  
t h a t  was u s e d  i n  R e p o r t  5 ,  p p .  8 7 - 8 9 ,  e x c e p t  f o r  a  m i n o r  d i f f e r e n c e  
s i m i l a r  t o  t h e  o n e  i n  t h e  d i o d e  m o d e l :  C d c  a n d  C d e  h a v e  b e e n  r e p l a c e d  by 
c u r r e n t  s o u r c e s  T c ( d i  / d t )  and  T e ( d i f  e / d t ) ,  r e s p e c t i v e l y ,  w h e r e ,  f o l l o w i n g  f c  
Eq.  ( 1 2 1 1 ,  
and  
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The two p n  j u n c t i o n s ,  B-C and B-E,  a r e  e a c h  t r e a t e d  a s  a  d i o d e  e x c e p t  
f o r  t h e  a d d i t i o n a l  c u r r e n t  s o u r c e s ,  a n i  and a L i f c .  
f e  
The c o n v e r g e n c e  
r o u t i n e  f o r  t h e  d i o d e ,  F i g .  1 6 ,  w i l l  a l s o  be  a p p l i e d  t o  e a c h  o f  t h e  t r a n s -  
i s t o r  p - n  j u n c t i o n s .  
C o n s i d e r  f i r s t  t h e  b a s e - c o l l e c t o r  c u r r e n t ,  i b c ( = - i c ) ,  which h a s  f o u r  
components ,  t .  e . ,  
The f i r s t  t h r e e  components  a r e  s i m i l a r  t o  t h e  d i o d e - c u r r e n t  components  
i l ,  i 2 ,  and i 3 ,  r e s p e c t i v e l y .  Hence,  Eqs .  ( 1 2 6 ) ,  ( 1 2 7 ) ,  and ( 1 2 9 )  i n  
which s u b s c r i p t  d i s  r e p l a c e d  by  s u b s c r i p t  c d e s c r i b e  t h e  c u r r e n t  com- 
p o n e n t s  i l ( c ) ,  t 2 ( c ) ,  and i 3 ( c ) r  r e s p e c t i v e l y .  The f o u r t h  component i s  
Using  m o d i f i e d  Eq. ( 1 2 5 )  i n  which s u b s c r i p t  d i s  r e p l a c e d  by s u b s c r i p t  e 
i n  o r d e r  t o  e x p r e s s  i  we o b t a i n  f e' 
Adding i l ( c ) ~  i 2 ( c , J  i 3 ( c , J  and i 4 ( c ) ,  we f i n d  t h a t  
b c 
= G c V c  + S c V ,  - A c  
i n  which 
If a  m o d i f i e d  Eq .  ( 1 3 3 )  i n  which  s u b s c r i p t  d i s  r e p l a c e d  by a  s u b -  
s c r i p t  c i s  u s e d  t o  d e s c r i b e  i z ( c ) ,  t h e n  t h e  e x p r e s s i o n s  f o r  G c  and  A c  
a r e  s l i g h t l y  s i m p l e r :  
a n d  
C o n s i d e r  now t h e  b a s e - e m i t t e r  c u r r e n t  i b  , ( = i e ) ,  F i g .  1 8 .  I n t e r -  
c h a n g i n g  s u b s c r i p t s  c w i t h  e and  n w i t h  z i n  E q s .  ( 1 5 6 )  t h r o u g h  ( 1 5 9 ) ,  
we o b t a i n  t h e  f o l l o w i n g  r e l a t i o n s :  
' b e  = G e V e  + S e v c  - A e  
i n  which 
and  
F o l l o w i n g  E q s .  ( 1 6 0 )  and ( 1 6 1 ) ,  a  s l i g h t l y  s i m p l i f i e d  v e r s i o n  o f  
G e  and A e  i s  
and 
By i n s p e c t i o n  o f  F i g .  1 8 ,  
V c  = V, - V, - i b c R c  
and 
V e  = V, - V E  - i b e R e  
S u b s t i t u t i n g  t h e s e  r e l a t i q n s  i n t o  E q s .  ( 1 5 6 )  and ( 1 6 2 ) ,  we o b t a i n  
a n d  
1  
- - ( [ S e ( l  + G c R c )  - G c S e R c I ( V B  - V,) + [ G e ( l  + G c R c )  - S c S e R c l  ( V ,  - v , )  
' b e  - D 
w h e r e  
By i d e n t i f y i n g  Eq .  ( 1 6 8 )  w i t h  Eq .  ( 3 5 )  a n d  E q .  ( 1 6 9 )  w i t h  E q .  ( 3 6 ) ,  
we f i n a l l y  o b t a i n  t h e  AH a n d  A T  t e r m s  f o r  an  npn  t r a n s i s t o r :  
" ( c e )  = [ S c (  1 + G e R e )  - G e S c R e I / D  , ( 1 7 2 )  
AT( c )  = [ A c ( l  + G c R e )  - A e S c R c l / D  , ( 1 7 3 )  
@ % c )  = b e ( 1  + G c R c )  - G c S e R c ] / D  , ( 1 7 4 )  
" ( e e )  = [ G e ( l  + G c R c )  - S c S e R c I / D  , ( 1 7 5 )  
a n d  
AT( c )  = [ A e ( l  + G c R c )  - A c S , R c ] / D  . ( 1 7 6 )  
I f  i t  i s  a s s u m e d  t h a t  R e  = R c  = 0 ,  t h e n  D = 1  a n d  E q s .  ( 1 7 1 )  t h r o u g h  
( 1 7 6 )  a r e  s i m p l i f i e d  t o  t h e  f o l l o w i n g :  
q c c )  = G c  ( 1 7 7 )  
= S c  ( 1 7 8 )  
AT( c , = A c  ( 1 7 9 )  
" ( e c )  = S e  > ( 1 8 0 )  
and 
T h e  v a l u e s  o f   AH(^^,, A H , c e , ,  AT(.,, A H ( e c ) ,  and  A T ( e )  a r e  
u t i l i z e d  t o  c o m p u t e  t h e  v a l u e s  o f  t h e  AH and AT m a t r i x  e l e m e n t s  f o l l o w -  
i n g  t h e  s u m m a r i z e d  t a b u l a t i o n  i n  Eqs .  ( 5 3 ) ,  ( 5 9 ) ,  ( 6 5 ) ,  and  ( 7 1 )  f o r ,  
r e s p e c t i v e l y ,  C a s e s  ( I ) ,  ( 2 ) ,  ( 3 ) ,  and  ( 4 )  i n  F i g .  6 .  
I n  t h e  p r e s e n t l y  u s e d  MTRAC p r o g r a m ,  Eqs .  ( 1 6 0 ) ,  ( 1 5 8 1 ,  ( 1 6 1 ) ,  ( 1 6 6 ) ,  
( 1 6 4 ) ,  a n d  ( 1 6 7 )  a r e  u s e d  t o  compute  G c ,  S c ,  A c ,  G e ,  S e ,  and  A e ,  r e s p e c -  
t i v e l y ,  and  E q s .  ( 1 7 7 )  t h r o u g h  ( 1 8 2 )  a r e  u s e d  t o  compute  t h e  AH and AT 
t e r m s .  A s  i n  t h e  c a s e  o f  a  d i o d e ,  two g r o u p s  o f  n o n i t e r a t i v e  t e r m s  a r e  
d i s t i n g u i s h e d :  
( 1 )  C o n s t a n t  t e r m s  
C l ~  = 0 . 9  V Q c  
2 c = l /emc 
( 2 )  A t - d e p e n d e n t  t e r m s  
L e t  u s  d e f i n e  t h e  f o l l o w i n g  r e l a t i o n s :  
and  
S u b s t i t u t i n g  t h e s e  r e l a t i o n s  i n t o  E q s .  ( 1 5 8 ) ,  ( 1 6 0 ) ,  ( 1 6 1 ) ,  ( 1 6 4 ) ,  ( 1 6 6 ) ,  
( 1 6 7 ) ,  and  ( 1 7 7 )  t h r o u g h  ( 1 8 2 ) ,  w e  o b t a i n  t h e  f o l l o w i n g  r e s u l t s :  
and  
So f a r  we h a v e  assumed  an n p n  t r a n s i s t o r .  L e t  u s  e x a m i n e  t h e  c a s e  
o f  a  p n p  t r a n s i s t o r .  T h e  model i n  F i g .  18 i s  v a l i d  f o r  a  p n p  t r a n s i s t o r  
i f  t h e  d i r e c t i o n s  o f  a l l  t h e  v o l t a g e s  a n d  a l l  t h e  c u r r e n t s  a r e  r e v e r s e d .  
With  n e g a t i v e  v a l u e s  o f  c u r r e n t s  and  v o l t a g e s  i n  E q s .  ( 1 5 6 )  t h r o u g h  ( 1 6 7 ) ,  
we f i n d  t h a t  t h e  e q u a t i o n s  d e r i v e d  a b o v e  f o r  an n p n  t r a n s i s t o r  h o l d  a l s o  
f o r  a  p n p  t r a n s i s t o r  i f  s i m p l e  m o d i f i c a t i o n s  a r e  made i n  E q s .  ( 1 5 7 )  t h r o u g h  
( 1 6 1 )  and Eqs .  ( 1 6 3 )  t h r o u g h  ( 1 6 7 )  i n  o r d e r  t o  m a i n t a i n  t h e  m a g n i t u d e s  o f  
G,, S,, A = ,  G,, S,, a n d  A e  u n c h a n g e d :  ( i f  ,<- + Is  c )  i s  r e p l a c e d  by 
( - i f  c < -  1> + I S c ) ,  a n d  ( i f e c - l >  + I s e )  i s  r e p l a c e d  by ( - i f  e < - l >  + I s e )  
C .  S q u a r e - L o o p  M a g n e t i c - C o r e  Model 
The  s q u a r e - l o o p  c o r e  model t h a t  was d e v e l o p e d  i n  t h e  p a s t  ( s e e  
R e p o r t  5 ,  p p .  8 1 - 8 3 )  h a s  b e e n  m o d i f i e d  and  e x t e n d e d  i n  o r d e r  t o  b e  ap-  
p l i c a b l e  t o  f e r r i t e  c o r e s  and t o  s l o w l y  s w i t c h i n g  t a p e -  wound m e t a l l i c  
c o r e s  w i t h  d i f f e r e n t  s t a t i c  @(F)  c h a r a c t e r i s t i c s .  A d a p t a t i o n  o f  t h i s  
model i n t o  t h e  TRAC p r o g r a m  i s  d e s c r i b e d  i n  t h i s  s e c t i o n .  We s h a l l  f i r s t  
c a l c u l a t e  AH and AT f o r  a  s i n g l e  s w i t c h i n g  c o r e  and  f o r  i d e n t i c a l l y  
s w i t c h i n g  c o r e s  i n  p a r a l l e l  and i n  s e r i e s .  T h e  e x t e n d e d  mode l  w i l l  t h e n  
b e  p r e s e n t e d  i n  a  form s u i t a b l e  f o r  e f f i c i e n t  c o m p u t a t i o n .  F i n a l l y ,  \ve 
s h a l l  d e s c r i b e  t h e  i n p u t  d a t a  f o r  d i f f e r e n t  c o r e  t y p e s  and t h e  computa -  
t i o n  o f  t h e  c o r r e s p o n d i n g  c o r e  p a r a m e t e r s .  
1. C a l c u l a t i o n  o f  & and AT 
a. A  S i n g l e  S w i t c h i n g  C o r e  
C o n s i d e r  a  s q u a r e - l o o p  m a g n e t i c  c o r e  l i n k e d  by n  w i n d i n g s ,  a s  
shown i n  F i g .  1 9 .  L e t  t h e  c u r r e n . t ,  t h e  number o f  t u r n s ,  a n d  t h e  i n h e r e n t  
r e s i s t a n c e  o f  t h e  j t h  w i n d i n g  b e  d e n o t e d  by i j ,  N j ,  and R w j ,  r e s p e c t i v e l y  
Assume t h a t  t h e  c o r e  i s  i n i t i a l l y  a t  n e g a t i v e  r e m a n e n c e  @ = - $ r .  F o r  
r e f e r e n c e ,  p o s i t i v e  d i r e c t i o n  o f  e v e r y  w i n d i n g  c u r r e n t  i s  shown f rom 
b o t t o m  t o  t o p ,  i . e . ,  i n  a  d i r e c t i o n  t o  g e n e r a t e  a  p o s i t i v e ,  c o u n t e r c l o c k -  
w i s e  MMF. The  n e t  MMF i s  
Figure 19 A SQUARE-LOOP MAGNETIC CORE 
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w h e r e  e a c h  i .  may b e  p o s i t i v e  o r  n e g a t i v e .  T h e  r e s u l t i n g  may b e  p o s -  
I 
i t i v e  ( a s  shown i n  F i g .  19 f o r  r e f e r e n c e )  o r  n e g a t i v e ,  d e p e n d i n g  o n  @, 
F, a n d  F. 
Due t o  t h e  n o n l i n e a r i t y  o f  t h e  c o r e  m o d e l ,  t h e  s o l u t i o n  f o r  @ 
4, a n d  F m u s t  b e  i t e r a t i v e  w i t h  some means  o f  c o n v e r g e n c e .  S i n c e  4 i s  a  
f u n c t i o n  of  F, i t  i s  a l s o  a  f u n c t i o n  o f  e v e r y  w i n d i n g  c u r r e n t ,  i .  e . ,  
@ = ( i . .  . , i . .  . , , i n )  F o r  a  s m a l l  c h a n g e  i n  e a c h  c u r r e n t  b e t w e e n  
I 
two s u c c e s s i v e  i t e r a t i o n s ,  t h e  f i r s t  two terms o f  t h e  T a y l o r  s e r i e s  y i e l d  
w h e r e  s u b s c r i p t  < - I >  d e s i g n a t e s  a  p r e v i o u s - i t e r a t i o n  v a l u e .  
I n  v i e w  o f  t h e  r e l a t i o n  e x p r e s s e d  by E q .  ( 2 1 3 )  a n d  t h e  f a c t ;  
t h a t  q5 i s  common t o  a l l  t h e  c o r e  w i n d i n g s ,  e a c h  j t h  w i n d i n g  may b e  t r e a t e d  
a s  a  s e p a r a t e  two- t e r m i n a l  c i r c u i t  e l e m e n t  f o r  w h i c h ,  f o l l o w i n g  E q .  ( 2 1 4 ) ,  
E q u a t i o n  ( 2 1 5 )  i s  c o n s i s t e n t  w i t h  t h e  Newton-Raphson c o n v e r g e n c e  m e t h o d  
f o r  f i n d i n g  t h e  r o o t  i j  o f  t h e  f u n c t i o n  f ( i . )  .I 
= @ - + ( s o l u t i o n )  = 0 
b e c a u s e  t h i s  method  i s  b a s e d  on e q u a t i n g  f ( i , )  t o  t h e  f i r s t  two t e r m s  
o f  i t s  T a y l o r ' s  s e r i e s .  
R e f e r r i n g  t o  t h e  j t h  w i n d i n g  i n  F i g .  1 9 ,  we o b t a i n  
h e n c e ,  
Now, 
and  f o l l o w i n g  Eq.  ( 2 1 3 ) ,  aF/ai j  = N j ;  h e n c e ,  
w h e r e  4' = a+/aF. S u b s t i t u t i n g  Eqs .  ( 2 1 6 )  and  ( 2 1 7 )  i n t o  Eq. ( 2 1 5 )  a n d  
l e t t i n g  i .  = i a b ,  i j i - ? >  = i a b < - l > ,  R w j  = R l v ,  a n d  N j  = N ,  we o b t a i n  1 
t h e  r e l a t i o n  
w h e r e  
and 
N o t e  t h a t  N 2 @ '  r e p r e s e n t s  t h e  c o r e  i n c r e m e n t a l  " s b v i  t c h i n g  r e s i s t a n c e "  
a s  s e e n  a c r o s s  a w i n d i n g  o f  N t u r n s .  C o m p u t a t i o n  o f  4 a n d  4' i s  d e s c r i b e d  
i n  S e c .  C-2 .  
I d e n t i f y i n g  Eq. ( 2 1 8 )  w i t h  E q .  ( 1 )  y i e l d s  t h e  c o n t r i b u t i o n  o f  
e a c h  c o r e  w i n d i n g  t o  t h e  H and T m a t r i x  a r r a y s :  
and  
b. I d e n t i c a l l y  S w i t c h i n g  C o r e s  
So f a r  we h a v e  t r e a t e d  t h e  u s u a l  c a s e  o f  a c o ~ e  whose f l u x -  
s w i t c h i n g  c o n d i t i o n s  may b e  d i f f e r e n t  f rom t h o s e  o f  o t h e r  c o r e s  i n  t h e  
c i r c u i t .  I n  c e r t a i n  s p e c i a l  c a s e s  ( s u c h  a s  a  s h i f t  r e g i s t e r  f u l l  o f  
ONES o r  ZEROS), t h e r e  a r e  s e v e r a l  c o r e s  i n  p a r a l l e l  o r  i n  s e r i e s  t h a t  
s w i t c h  i d e n t i c a l l y .  Under  e i t h e r  o f  t h e s e  c o n d i t i o n s ,  t h e  c o m p u t a t i o n  
may become c o n s i d e r a b l y  more  e f f i c i e n t  i f  t h e s e  c o r e s  a r e  r e p r e s e n t e d  by 
an e q u i v a l e n t  s i n g l e  c o r e .  T h i s  i s  e s p e c i a l l y  t r u e  f o r  i d e n t i c a l l y  
s w i t c h i n g  c o r e s  i n  s e r i e s  b e c a u s e  t h e  t o t a l  number o f  f l o a t i n g  n o d e s  i n  
t h e  e n t i r e  e q u i v a l e n t  c i r c u i t  i s  t h e r e b y  d e c r e a s e d .  
C o n s i d e r  f i r s t  np i d e n t i c a l  c o r e s  w i t h  i d e n t i c a l  w i n d i n g s  t h a t  
a r e  c o n n e c t e d  i n  ~ a r a l l e l ,  a s  shown i n  F i g .  20.  I f  t h e  v a l u e s  o f  t h e  
i n i t i a l  f l u x  and  any  a d d i t i o n a l  MMF d r i v e  a r e  t h e  same f o r  e v e r y  c o r e ,  
t h e n  t h e  c o r e s  w i l l  s w i t c h  i d e n t i c a l l y ;  i .  e . ,  t h e  v a r i a t i o n s  o f  F ( t )  and 
@ ( t )  o f  t h e s e  c o r e s  w i l l  b e  e x a c t l y  t h e  same.  F o l l o w i n g  E q s .  ( S ) ,  ( 6 ) ,  
and  ( 2 1 9 )  t h r o u g h  ( 2 2 2 ) ,  t h e s e  c o r e s  may b e  r e p r e s e n t e d  by an e q u i v a l e n t  
s i n g l e  c o r e  whose OH and  AT a r e  
and 
Now c o n s i d e r  n s  c o r e s  t h a t  s w i t c h  i d e n t i c a l l y  i n  s e r i e s ,  a s  
shown i n  F i g .  21 .  F o l l o w i n g  E q s .  ( 8 ) ,  ( 9 ) ,  and ( 2 1 9 )  t h r o u g h  ( 2 2 2 ) ,  
t h e s e  c o r e s  may b e  r e p r e s e n t e d  by an e q u i v a l e n t  s i n g l e  c o r e  ( a c r o s s  
T e r m i n a l s  a and  b) whose AH and AT t e r m s  a r e  s i m p l y  
I Figure 20 IDENTICALLY SWITCHING CORES IN PARALLEL 
Figure 21 IDENTICALLY SWITCHING CORES IN SERIES 
and 
2 .  S q u a r e - L o o p  C o r e  Model  
T h e  s q u a r e - l o o p  m a g n e t i c - c o r e  mode l  s u m m a r i z e d  i n  R e p o r t  5 ,  p p .  8 1 - 8 3 ,  
w i l l  b e  u s e d  w i t h  c e r t a i n  m o d i f i c a t i o n s  t h a t  i n c l u d e  m o r e  g e n e r a l  s t a t i c  
+ ( F )  c u r v e  a n d  @p ( F )  c u r v e .  We s h a l l  m a i n t a i n  t h e  r e l a t i o n s h i p  
w h e r e  qE = @ € ( F , F )  a n d  = @ i ( F , @ )  a r e  t h e  e l a s t i c  a n d  i n e l a s t i c  @ com- 
p o n e n t s ,  r e s p e c t i v e l y ;  h e n c e ,  
w h e r e  @ '  = a $ / a F ,  @: = a @ , / a F ,  a n d  @I = & t i / a F .  C o m p u t a t i o n  o f  t h e  com- 
p o n e n t s  o f  @ a n d  4' i s  d e s c r i b e d  n e x t  
a .  E l a s t i c  @ Component  
C o m p u t a t i o n  o f  $ E  i s  b a s e d  on  t h e  r e l a t i o n  
F o l l o w i n g  E q .  ( 7 9 a )  i n  R e p o r t  5 ,  
a n d  
P s  = H a l i  
I n  R e p o r t s  3  t h r o u g h  5 ,  Eq.  ( 2 2 9 )  was a p p r o x i m a t e d  by 
s o  t h a t  
w h e r e  E '  = d e ( F ) / d F .  By d i f f e r e n t i a t i n g  Eq. ( 2 3 0 )  w i t h  r e s p e c t  t o  F ,  w e  
o b t a i n  
w h e r e  s = s i g n  ( F )  
F o r  a  g i v e n  F ( - l )  v a l u e ,  an  e r r o r  i n  F  may c a u s e  an  e x c e s s i v e  e r r o r  
i n  @ E  i f  A t  i s  s m a l l  e n o u g h .  T h e  e r r o r  i n  F  may s t e m  f rom a  r o u n d - o f f  
e r r o r  i n  t h e  c o m p u t e r  a n d  f rom t h e  maximum r e l a t i v e  a n d  a b s o l u t e  e r r o r s  
o f  w i n d i n g  c u r r e n t s  a l l o w e d  by t h e  u s e r  i n  o r d e r  t o  r e d u c e  t h e  number  o f  
i t e r a t i o n s  f o r  e c o n o m i c a l  r e a s o n s .  I n  o r d e r  t o  p r e v e n t  s u c h  u n d e s i r e d  
a n d  u n n a t u r a l  b e h a v i o r ,  f l u c t u a t i o n  o f  G E ( t )  s h o u l d  b e  s m o o t h e d .  T h e  
e r r o r  i n  t h e  t o t a l  @ i n t r o d u c e d  by s u c h  a  p r o v i s i o n  i s  n e g l i g i b l e  b e -  
c a u s e  u s u a l l y  l@,l << / @ ,  ] .  S m o o t h i n g  o f  @ < ( t )  i s  b a s e d  on f i t t i n g  t h e  
p r e v i o u s  t h r e e  F ( t )  p o i n t s  w i t h  a  s t r a i g h t  l i n e ,  u s i n g  t h e  me thod  o f  
l e a s t - m e a n - s q u a r e d  e r r o r .  The  s l o p e  o f  t h e  f i t t e d  l i n e  i s  t h e n  i d e n t i -  
f i e d  w i t h  F  i n  Eq .  ( 2 2 9 )  f o r  t h e  p u r p o s e  o f  c o m p u t i n g  @ < .  The  l i n e a r  
f i t t i n g  i s  f o r m u l a t e d  a s  f o l l o w s .  
S u p p o s e  t h a t  n ( t i ; F i )  p o i n t s  a r e  t o  b e  f i t t e d  by t h e  s t r a i g h t  l i n e  
The  sum o f  s q u a r e  e r r o r  i s  
n 
D i f f e r e n t i a t i n g  1 E ;  w i t h  r e s p e c t  t o  k a n d  b a n d  e q u a t i n g  t h e  d e r i v a -  
i = l  n 
t i v e s  t o  z e r o  i n  o r d e r  t o  m i n i m i z e  E : ,  we o b t a i n  
i =  1 
a n d  
L e t  u s  u s e  n = 3  and  r e f e r  t o  t h e  c u r r e n t  t i m e  a s  t = 0 .  I n  F i g . .  22 
i s  shown a  l i n e a r  f i t t i n g  o f  t h e  t h r e e  p r e v i o u s  p o i n t s ,  [ t ( i l ) ;  F ( - I  ,], 
[ t  ( - 2 ) ;  F ( - 2 ) l ,  and  i t  ( - 3 ) ;  F ( - 3 ) l ,  w h e r e  
Wi th  n = 3 ,  E q s .  ( 2 3 8 )  and  ( 2 3 9 )  become 
a n d  
Figure 22 LINEAR FITTING OF THREE F(t) POINTS 
L e t  u s  u s e  t h e  f o l l o w i n g  a b b r e v i a t i o n s :  
and 
F u r t h e y m o r e ,  o n e  c a n  s e e  f rom Eq. ( 2 3 7 )  t h a t  k i s  t h e  a v e r a g e  s l o p e  o f  
F (  t ) ,  i;', a n d  t h a t ,  s i n c e  t = 0 ,  b i s  t h e  g u e s s e d  v a l u e  o f  F f o r  t h e  f i r s t  
i t e r a t i o n .  T h u s ,  Eqs. ( 2 4 3 )  and  ( 2 4 4 )  a r e  r e d u c e d  t o  
a n d ,  f o r  t h e  f i r s t  i t e r a t i o n ,  
T h e  v a l u e  o f  t h e  e l a s t i c  4 i s ,  t h e n ,  
D i f f e r e n t i a t i n g  w i t h  ' r e s p e c t  t o  F ,  we o b t a i n  
N o t e  t h a t  S t  h a s  a  n e g a t i v e  v a l u e  
An a l t e r n a t i v e  method  t o  p r e v e n t  Ge f rom d i v e r g i n g  i s  t o  l i m i t  t h e  
v a r i a t i o n  o f  CPE r e l a t i v e  t o  4e ) ,  i .  e . ,  
w h e r e  
The  p o s i t i v e  t e r m  8GE0 i s  a d d e d  t o  a l l o w  4 € ( t )  t o  c h a n g e  s i g n  i f  1 - > cx - > 0 .  
We s h a l l  a r b i t r a r i l y  a s s u m e  t h a t  CL = l and t h a t  8GE0 = Z V ,  w h e r e  ZV i s  a  
s m a l l  f r a c t i o n  o f  G i .  Assuming  t h a t  ZV i s  X p e r c e n t  o f  a n  a v e r a g e  @ w i t h  
e x c e s s  MMF o f  F - F i  = 0 . 3  F i  ( c f .  Eq. ( 9 0 )  i n  R e p o r t  4 ) ,  we s e t  
ZV = 0 . 0 0 3 h ( 0 . 3 F ~ ) ~  
T h u s ,  
B o t h  o f  t h e  a b o v e  m e t h o d s  f o r  p r e v e n t i o n  o f  e x c e s s i v e  qE f l u c t u a t i o n  
w i l l  b e  e m p l o y e d .  We s h a l l  f i r s t  c o m p u t e  GE f rom Eq. ( 2 5 3 )  a n d  t h e n ,  i f  
n e c e s s a r y ,  l i m i t  4E a c c o r d i n g  t o  E q s .  ( 2 5 5 ) ,  ( 2 5 7 ) ,  and ( 2 5 8 ) .  
D e t e r m i n a t i o n  o f  4; a n d  4: u s i n g  E q s .  ( 2 5 3 )  a n d  ( 2 5 4 )  r e q u i r e s  t h e  
p r e v i o u s  t h r e e  v a l u e s  o f  F a n d  t .  C o n s e q u e n t l y ,  c o m p u t a t i o n  o f  + E  and  
4: d u r i n g  t h e  f i r s t  t h r e e  t i m e  s t e p s  w i l l  b e  i t e r a t i v e ,  u s i n g  Eq.  ( 2 3 4 )  
and  ( 2 3 5 ) ,  r e s p e c t i v e l y .  Beyond t h i s  p o i n t ,  GE a n d  +: w i l l  b e  c o m p u t e d  
o n c e  e v e r y  t i m e  s t e p  f rom E q s .  ( 2 4 5 )  t h r o u g h  ( 2 5 8 ) .  
b .  I n e l a s t i c  $ Component  
A mode l  f o r  t h e  i n e l a s t i c  c o m p o n e n t ,  q i ( F , @ ) ,  was g i v e n  i n  
R e p o r t  5 ,  p p .  8 1 - 8 3 ,  a s s u m i n g  a  p o s i t i v e  F. However ,  d u e  t o  t h e  a n t i -  
symmet ry  o f  t h e  + ( F )  l o o p ,  
H e n c e ,  c o m p u t a t i o n  o f  a  n e g a t i v e  4; d u e  t o  a  n e g a t i v e  F may b e  p e r f o r m e d  
by f i r s t  r e v e r s i n g  t h e  s i g n s  o f  F and  $, t h e n  c o m p u t i n g  $i f rom t h e  c o r e  
model  f o r  p o s i t i v e  F, a n d  f i n a l l y  r e v e r s i n g  t h e  s i g n  o f  @ i .  I n  g e n e r a l ,  
t h e r e f o r e ,  Gi d u e  t o  F o f  e i t h e r  s i g n  w i l l  b e  d e t e r m i n e d  f rom t h e  r e l a t i o n  
w h e r e  
s = s i g n  ( F )  ( 2 6 1 )  
N o t e  t h a t  SF 2 0 ,  b u t  s 4  may b e  p o s i t i v e ,  z e r o ,  o r  n e g a t i v e .  C o m b i n i n g  
Eq. ( 2 6 0 )  and  E q s .  ( 8 0 )  and  ( 8 1 )  i n  R e p o r t  5 ,  we o b t a i n  
w h e r e  qp = G P ( F )  and  @, = @ , ( F ) .  S i n c e  t h e  c o m p u t a t i o n  o f  $i w i l l  b e  
p e r f o r m e d  f o r  F  - > 0 ,  we r e p l a c e  s@ by Gp i n  E q .  ( 2 6 2 )  and d i f f e r e n t i a t e  P 
w i t h  r e s p e c t  t o  F ;  we t h u s  o b t a i n  
w h e r e  +p' = d @ p ( F ) / d F  and  4; = d $ , ( F ) / d F .  
The  m o d e l s  f o r  @ , ( F )  and  + p ( F )  i n  R e p o r t  5 h a v e  b e e n  e x t e n d e d  
t o  i n c l u d e  t a p e - w o u n d  c o r e s ,  i n  a d d i t i o n  t o  f e r r i t e  c o r e s .  T h e s e  m o d e l s  
and t h e  c o r r e s p o n d i n g  e x p r e s s i o n s  f o r  + i ( F )  a n d  + i ( F )  a r e  d e s c r i b e d  n e x t .  
i .  S t a t i c  d ( F )  M o d e l s  
G e n e r a l  Model - A g e n e r a l  model f o r  t h e  m a j o r  s t a t i c  @ ( F )  
c u r v e ,  $ , ( F ) ,  i s  shown i n  F i g .  2 3 ( a ) .  I f  i n i t i a l l y  @ = - @ r ,  t h e n  + , ( F )  
i s  d i v i d e d  i n t o  f i v e  r e g i o n s .  R e g i o n s  1 ,  4 ,  a n d  5 w e r e  u s e d  i n  R e p o r t s  2 
t h r o u g h  5 t o  d e s c r i b e  + d ( F )  o f  f e r r i t e  c o r e s  w i t h  no @d jump a t  t h e  
t h r e s h o l d  MMF F  = F d l .  The  a d d i t i o n  o f  R e g i o n s  2  and 3  h a s  e x t e n d e d  
t h e  a p p l i c a t i o n  o f  + , ( F )  t o  f e r r i t e  cojres w i t h  @, jumps  and  t o  t a p e -  
wound m e t a l l i c  c o r e s  o f  d i f f e r e n t  t y p e s .  I f  i n i t i a l l y  @ = G r ,  t h e n  a  
p o s i t i v e  F  w i l l  c h a n g e  @, e l a s t i c a l l y  a l o n g  R e g i o n  6 a s  i t  a p p r o a c h e s  @ s .  
L e t  u s  e x a m i n e  e a c h  r e g i o n  s e p a r a t e l y .  
R e g i o n  1 i s  an e x t e n s i o n  o f  t h e  r e g i o n  o f  n e g a t i v e  s a t u r a -  
t i o n .  R e f e r r i n g  t o  E q s .  ( 8 2 )  i n  R e p o r t  5 ,  i t  i s  d e s c r i b e d  by t h e  f u n c t i o n  
w h e r e  l i  and  l o  a r e  i n s i d e  a n d  o u t s i d e  c i r c u m f e r e n t i a l  l e n g t h s  and Ha i s  
a  m a t e r i a l  s a t u r a t i o n  c o n s t a n t .  
R e g i o n  2 i s  a d d e d  d u e  t o  a  p o s s i b l e  c u r v a t u r e  i n  @ , ( F ) ,  
s u c h  a s  may b e  f o u n d  i n  t a p e - w o u n d  c o r e s .  T h i s  c u r v a t u r e  i s  d e s c r i b e d  
by a  f o u r - p a r a m e t e r  f u n c t i o n  o f  t h e  form p 5  + p 6 ( F  - F d l )  + p 8 ( F  - F , , ) ~ ' .  
which  s a t i s f i e s  t h e  f o l l o w i n g  r e q u i r e m e n t s :  I t  i s  t a n g e n t  t o  @ , ( F )  o f  
R e g i o n  1 a t  t h e  p o i n t  ( F d l , @ d l ) ,  t h u s  f i x i n g  p 5  and p 6 ,  and  i t  p a s s e s  

t h r o u g h  t h e  p o i n t s  ( F d  2 ,  4d 2 )  and  [ F d z ,  % ( 4 d  + 4d 2 ) 1 ,  w h e r e  
% ( F d l  + F d 2 )  5 F d z  F d 2 '  t h u s  f i x i n g  p 7  a n d  p g .  N o t e  t h a t  F d z  a f f e c t s  t h e  
c u r v a t u r e  o f  4 d ( F )  and  t h a t  i f  F d z  = % ( F d l  + F d 2 ) ,  t h e n  4 d ( F )  becomes  a  
s t r a i g h t  l i n e  c o n n e c t i n g  t h e  p o i n t s  ( F d l ,  $ d l )  and  ( F d 2 ,  $ d 2 ) .  R e g i o n  2 
may, a l t e r n a t i v e l y ,  b e  u s e d  t o  a p p r o x i m a t e  a  jump i n  # d ( F )  a t  F = F d l  by 
a  m o n o t o n i c a l l y  i n c r e a s i n g  G d ( F )  ( u s u a l l y ,  a  s t r a i g h t  l i n e  o f  a  h i g h  
s l o p e )  i n  o r d e r  t o  p r e v e n t  c o m p u t a t i o n a l  o s c i l l a t i o n s .  
R e g i o n  3 i s  a  s t r a i g h t  l i n e  b e t w e e n  t h e  p o i n t s  ( F d 2 ,  q5d2) 
and  ( F d j ,  4 d 3 ) .  T h i s  r e g i o n  i s  a d d e d  b e c a u s e  a  l a r g e  p o r t i o n  o f  t h e  
s t a t i c  @(F)  c u r v e  o f  a  t a p e - w o u n d  c o r e ,  whose s t a t i c  B(H) l o o p  i s  s q u a r e ,  
i s  l i n e a r .  The  l a r g e r  t h e  r a t i o  O D / I D  o f  t h e  c o r e ,  t h e  l o w e r  t h e  s l o p e  
o f  R e g i o n  3 .  
R e g i o n s  4 and  5 ( o r  R e g i o n  5 a l o n e )  d e s c r i b e  t h e  n o n l i n e a r  
p o r t i o n  o f  4 d ( F )  f rom n o n s a t u r a t i o n  t o  s a t u r a t i o n .  T h e s e  r e g i o n s  c o v e r  
mos t  o f  t h e  s t a t i c  $ ( F )  c u r v e  o f  a  f e r r i t e  c o r e .  I n  t h e  c a s e  o f  a  t a p e -  
wound c o r e ,  t h e  4 d ( F )  " w i n g "  t h a t  a p p r o a c h e s  s a t u r a t i o n  i s  l i k e l y  t o  b e  
d e s c r i b e d  by R e g i o n  5 a l o n e .  R e f e r r i n g  t o  Eq.  ( 8 2 )  i n  R e p o r t  5 ,  R e g i o n  4 
i s  d e s c r i b e d  by t h e  f u n c t i o n  
and  R e g i o n  5 i s  d e s c r i b e d  by t h e  f u n c t i o n  
i n  w h i c h  Hn a n d  H q  a r e  m a t e r i a l  n o n s a t u r a t i o n  c o n s t a n t s  a n d  
w h e r e  
R e g i o n  6 d e s c r i b e s  $ d ( F )  i n  t h e  p o s i t i v e  s a t u r a t i o n  r e g i o n  
I t  i s  a n t i s y m m e t r i c  t o  R e g i o n  I i f  t h e  l a t t e r  were  e x t e n d e d  t o  t h e  r e g i o n  
o f  n e g a t i v e  F .  A p p l y i n g  t h e  a n t i s y m m e t r i c  r e l a t i o n  G d ( F )  = - $ d ( - F )  t o  
E q .  ( 2 6 4 ) ,  R e g i o n  6  i s  t h e n  d e s c r i b e d  by t h e  f u n c t i o n  
w h e r e  C P d s ( F )  d e n o t e s  $ d ( F )  i n  R e g i o n  6  
I n  o r d e r  t o  d e c r e a s e  t h e  c o m p u t e r - r u n  t i m e ,  w e  s h a l l  a b b r e -  
v i a t e  t h e  + d ( F )  e x p r e s s i o n  o f  e a c h  r e g i o n  t o  i t s  s i m p l e s t  fo rm by l u m p i n g  
t h o s e  t e r m s  t h a t  a r e  c o n s t a n t  t h r o u g h o u t  t h e  r u n  i n t o  a  minimum number  o f  
n e w l y  d e f i n e d  a u x i l i a r y  p a r a m e t e r s .  T h e s e  a u x i l i a r y  p a r a m e t e r s  w i l l  b e  
computed  o n c e ,  i n  t h e  b e g i n n i n g  o f  t h e  r u n ,  and  t h e n  b e  u s e d  a t  e a c h  i t e r -  
a t i o n .  T h e  a u x i l i a r y  p a r a m e t e r s  a r e  d e f i n e d  a s  f o l l o w s  f o r  t h e  g e n e r a l  
C P d ( F )  m o d e l .  As we s h a l l  s e e  i n  S e c .  C - 3 ,  some o f  t h e s e  a u x i l i a r y  p a r a m -  
e t e r s  w i l l  b e  m o d i f i e d  f o r  c e r t a i n  s i m p l i f i e d  q b d ( F )  m o d e l s .  
R e g i o n s  1 a n d  6: 
R e g i o n  2: 
R e g i o n  3 :  
R e g i o n s  4 and  5 
We now s u b s t i t u t e  P a r a m e t e r s  p l  t h r o u g h  p 4  i n t o  Eq. ( 2 6 4 . ) ,  
which  d e s c r i b e s  R e g i o n  1 ,  and  P a r a m e t e r s  p o  and  p l 2  t h r o u g h  p 2 0  i n t o  
E q s .  ( 2 6 5 )  a n d  ( 2 6 6 ) ,  which  d e s c r i b e  R e g i o n s  4 a n d  5 .  I n  a d d i t i o n ,  w e  
u s e  P a r a m e t e r s  p 5  t h r o u g h  p 8  t o  f o r m u l a t e  @ , ( F )  o f  R e g i o n  2  and  u s e  
P a r a m e t e r s  p l o  a n d  p l l  t o  f o r m u l a t e  @ , ( F )  o f  R e g i o n  3 .  The  r e s u l t i n g  
a b b r e v i a t e d  e x p r e s s i o n s  f o r  c o m p u t i n g  @ , ( F )  a n d  @ i ( F )  = d @ , ( F ) / d F  a t  
e a c h  i t e r a t i o n  [ s e e  E q s .  ( 2 6 2 )  and  ( 2 6 3 ) l  a r e  g i v e n  a s  f o l l o w s :  
and  
and  
I f  F d l  5 F  5 F d 2  ( R e g i o n  2 ) ,  t h e n  
a n d  
@ = P  10 
I f  Fd 5 F 5 F d  ( R e g i o n  4 ) ,  t h e n  
a n d  
I f  F d 4  5 F ( R e g i o n  5 1 ,  t h e n  
a n d  
S u b s t i t u t i o n  o f  P a r a m e t e r s  p l  t h r o u g h  p 3  i n t o  Eq.  ( 2 6 9 )  
r e s u l t s  i n  t h e  f o l l o w i n g  a b b r e v i a t e d  e x p r e s s i o n s  f o r  Q d ( F )  a n d  +A(F) i n  
R e g i o n  6 :  
a n d  
I t  i s  p o s s i b l e  t h a t  4 > +d d u r i n g  t h e  s w i t c h i n g  t i m e .  
However ,  u n l e s s  $ i s  i n i t i a l l y  c l o s e  t o  + r  and t h e  r i s e  o f  F ( t )  i s  e x t r e m e l y  
f a s t ,  @ c a n n o t  e x c e e d  & d s  p h y s i c a l l y .  B u t  s i n c e  c o m p u t a t i o n a l  e r r o r s  may 
b r i n g  @ a b o v e  G d s ,  we s h a l l  compute  qds  i f  @ > G d ,  and  i f  we f i n d  t h a t  
P > q d s ,  t h e n  we s h a l l  s e t  @ = @ d s .  T h i s  p r o c e d u r e  b r i n g s  a n o t h e r  p o i n t .  
The p a r a m e t e r  v a l u e s  o b t a i n e d  by c u r v e  f i t t i n g  o f  R e g i o n  5 may r e s u l t  i n  
Gd e x c e e d i n g  G d s  i n  R e g i o n  6 a t  h i g h  v a l u e s  o f  F. U s u a l l y ,  t h i s  e x c e s s  
i s  n e g l i g i b l e  b e c a u s e  b o t h  qd and $ d s  a p p r o a c h  qs a s  F  - a. However ,  i n  
o r d e r  t o  b e  c o n s i s t e n t  w i t h  t h e  r e q u i r e m e n t  t h a t  @ 5 g d s ,  we s h a l l  s e t  
@ d s  = qd i f  gds  < Gd on t h e  b a s i s  o f  E q s .  ( 3 0 6 )  and  ( 3 0 3 ) .  
S imp1  i f i e d  M o d e l s  - T h e  g e n e r a l  G d ( F )  model  d e s c r i b e d  a b o v e  
will q u i t e  o f t e n  b e  s i m p l i f i e d  f o r  s p e c i f i c  c o r e s ,  d e p e n d i n g  on t h e  m a t e r -  
i a l ,  d i m e n s i o n s ,  and  t h e  t e m p e r a t u r e  o f  t h e s e  c o r e s .  Assuming  t h a t  
R e g i o n s  1 and 6  a r e  n o n l i n e a r ,  s i x  s i m p l i f i e d  m o d e l s ,  r e f e r r e d  t o  a s  
T y p e s  A t h r o u g h  F ,  a r e  d i s t i n g u i s h e d  i n  F i g .  2 3 ( b ) .  N o t e  t h a t  no d i s -  
t i n c t i o n  i s  made b e t w e e n  t h e  c a s e  o f  b o t h  R e g i o n s  4 a n d  5 and t h e  c a s e  
o f  R e g i o n  5 a l o n e  b e c a u s e  t h e  two c a s e s  a r e  r e l a t e d .  U s u a l l y ,  p o l y c r y s t a l -  
l i n e  f e r r i t e  c o r e s  a r e  c h a r a c t e r i z e d  by T y p e s  B and  D,  w h e r e a s  g r a i n -  
o r i e n t e d  t a p e - w o u n d  c o r e s  may e x h i b i t  any t y p e .  L e t  u s  e x a m i n e  e a c h  
G d ( F )  t y p e  s e p a r a t e l y .  
Type A - R e g i o n  2 i s  e l i m i n a t e d ,  a n d  t h u s  
and 
@ d 2  = @ d l  
Type B - R e g i o n  3 i s  e l i m i n a t e d ,  a n d  t h u s  
Fd, = F d 2  
and 
T y p e  C - R e g i o n s  4  and  5 a r e  e l i m i n a t e d  b e c a u s e  @ d j  a t  
F = F d j  i s  a l o n g  R e g i o n  6 ,  E q s .  (305) and  ( 3 0 6 ) ,  i . e . ,  
T y p e  D - R e g i o n s  2  a n d  3 a r e  e l i m i n a t e d ,  and  t h u s  
and 
w h e r e  
@:in = $d @ F = H : ' "  l i  i n  R e g i o n  I .  
T y p e  E - R e g i o n s  2 ,  4 ,  and  5 a r e  e l i m i n a t e d ,  and  t h u s  
F d  2 = F d l  2 
@ d 2  = @ d l  > 
and  
4 d 3  = @ds @ = F d 3  
T y p e  F - R e g i o n s  3,  4 ,  and  5 a r e  e l i m i n a t e d ,  a n d  t h u s  
F d 3  = F d 2  
and 
i i .  4p(F) Model 
A g e n e r a l  model f o r  t h e  @p(F) c u r v e  i s  shown i n  F i g .  24 
and  i s  e x p r e s s e d  a s  f o l l o w s :  
T 8  -6408-50 
Figure 24 A GENERAL MODEL FOR THE ),(F) CURVE 
f o r  O ( F  L F d l  ( 308 a )  
' / d  X d ( F  - F,,) f o r  F d l  L F 5 F d B  ( 3 0 8 b )  
f o r  FdB 5 F 5 F, ( 3 0 8 ~ )  
f o r  F, 5 F 5 F B I  ( 308 d )  
P, l ( F  - F , , )  f o r  FB 1 - < F  ( 308 e )  
T h i s  model  i s  i d e n t i c a l  w i t h  t h e  o n e  u s e d  i n  R e p o r t  5 ,  Eq. ( 8 1 ) ,  e x c e p t  
f o r  t h e  a d d i t i o n  o f  a n o t h e r  l i n e a r  @ , ( F )  r e g i o n  f o r  F 2 F B I .  T h i s  r e g i o n  
h a s  b e e n  o b s e r v e d  w i t h  some t a p e - w o u n d  m e t a l l i c  c o r e s .  F o r  mos t  c a s e s ,  
h o w e v e r ,  t h i s  a d d i  t i o n a l  r e g i o n  i s  u n n e c e s s a r y  and  w i l l  b e  a v o i d e d  a u t o -  
m a t i c a l l y  by a s s i g n i n g  an a r b i t r a r y  h i g h  v a l u e  t o  F B I ,  e .  g . ,  FB1 = 10 3 0 .  
E x p r e s s i o n s  f o r  $;, t o  b e  u s e d  i n  Eq.  ( 2 6 3 ) ,  a r e  o b t a i n e d  
by d i f f e r e n t i a t i n g  E q s .  ( 3 0 8 )  w i t h  r e s p e c t  t o  F .  We, t h u s ,  o b t a i n  
f o r  O ( F 5  F d l  ( 3 0 9 a )  
A d ( F  - F d , ) V d v d / ( ~  - F d l )  f o r  F d l  - < F < F,, ( 3 0 9 b )  
- 
f o r  FdB 5 F  < F, ( 3 0 9 ~ )  
- 
f o r  F, 5 F 5 FB1 ( 3 0 9 d )  
f o r  F B 1 5 F  . ( 3 0 9 e )  
N i n e  p a r a m e t e r s  ( A d ,  v , ,  F d B ,  F:, A, V ,  F,, F,, and p p )  
d e f i n e  R e g i o n s  1 t h r o u g h  4 o f  t h e  G p ( F )  c u r v e .  We s h a l l  now show t h a t  
t h e  v a l u e s  o f  some o f  t h e s e  p a r a m e t e r s  may b e  a p p r o x i m a t e d  q u i t e  c l o s e l y  
f rom t h e  v a l u e s  o f  t h e  r e m a i n i n g  p a r a m e t e r s .  
F o r  c o n t i n u i t y ,  t h e  e x p r e s s i o n s  f o r  @ p  ( F )  and d @ p ( F ) / d F  
o f  n e i g h b o r i n g  r e g i o n s  mus t  b e  e q u a l  a t  t h e  b o r d e r s  F = F,, and F = F,. 
C o n t i n u i t y  a t  F = FdB i m p o s e s  t h e  r e l a t i o n s  
a n d  
c o n t i n u i t y  a t  F  = FB i m p o s e s  t h e  r e l a t i o n s  
F, - F;; 
a n d  
T h e s e  r e l a t i o n s  i m p o s e  f o u r  c o n s t r a i n t s  o n  t h e  n i n e  p a r a m e t e r s  i n  E q s .  ( 3 0 8 ) .  
H e n c e ,  o n l y  f i v e  p a r a m e t e r s  a r e  n e e d e d  t o  c o m p l e t e l y  s p e c i f y  4 u s .  F. P 
F u r t h e r  r e d u c t i o n  i n  t h e  n u m b e r  o f  p a r a m e t e r s  t h a t  n e e d  t o  
b e  s p e c i f i e d  i s  b a s e d  o n  t h e  e m p i r i c a l  r e l a t i o n  
F ~ B  = 1 . 1 5  F;; ( 3 1 4 )  
I f  t h e  v a l u e s  o f  F; ,  F,, F o ,  a n d  pp a r e  known ,  E q s .  ( 3 1 2 )  
a n d  ( 3 1 3 )  may b e  u s e d  t o  c o m p u t e  v a n d  A. Knowing  t h e  v a l u e s  o f  F d l ,  
F ; ,  A, a n d  v ,  we u s e  E q s .  ( 3 1 4 ) ,  ( 3 1 0 ) ,  a n d  ( 3 1 1 )  t o  c o m p u t e  F d B ,  u d ,  
a n d  A d  i n  t h a t  o r d e r .  
c .  Summary 
L e t  u s  s u m m a r i z e  t h e  c o m p u t a t i o n  i n v o l v e d  i n  e v a l u a t i o n  o f  
@ = 4, + G i ,  E q .  ( 2 2 7 ) ,  a n d  4'  = 4: + @ : ,  Eq. ( 2 2 8 ) ,  on  t h e  b a s i s  o f  t h e  
s q u a r e  l o o p  c o r e  m o d e l .  
D u r i n g  t h e  f i r s t  t h r e e  t i m e  s t e p s ,  we c o m p u t e  a t  e a c h  i t e r a t i o n  
9, = E ( F )  [ F  - F ,-,, ] / A t ,  Eq.  ( 2 3 4 ) ,  a n d  @: = + E ' [ F  - F ( - l ) l  ) / A t ,  
Eq.  ( 2 3 5 ) ,  w h e r e  E ( F )  a n d  E ' ( F )  a r e  c o m p u t e d  f r o m  E q s .  ( 2 3 0 )  a n d  ( 2 3 6 ) .  
D u r i n g  t h e  f o l l o w i n g  t i m e  s t e p s ,  we c o m p u t e  @ e  = ~ ( F ) F ,  Eq.  ( 2 5 3 ) ,  a n d  
- - 
0: = E ' ( F ) F  - ~ E ( F ) / S , ,  E q .  ( 2 5 4 ) ,  w h e r e  b i s  t h e  a v e r a g e  s l o p e  o f  t h e  
p r e v i o u s  t h r e e  F ( t )  p o i n t s ,  Eqs .  ( 2 4 5 )  t h r o u g h  ( 2 5 1 ) ,  and  S t  i s  c o m p u t e d  
f rom E q .  ( 2 4 5 ) .  T h e  e x p r e s s i o n s  f o r  E ~ F )  i n c l u d e  t h r e e  a u x i l i a r y  p a r a m -  
e t e r s ,  p p 2, and  p 3 ,  w h i c h  d e p e n d  on t h e  s t a t i c  c o r e  p a r a m e t e r s  a c c o r d -  
i n g  t o  E q s .  ( 2 3 1 )  t h r o u g h  ( 2 3 3 ) -  
C o m p u t a t i o n  o f  i s  b a s e d  on  Eq. ( 2 6 2 ) ,  which  i n c l u d e s  +d a n d  
q p ;  c o m p u t a t i o n  o f  @: i s  b a s e d  on  Eq. ( 2 6 3 ) ,  which  i n c l u d e s  + d ,  +&, + p ,  
and  @;. E x p r e s s i o n s  f o r  c,bd a n d  @; a s  f u n c t i o n s  o f  F  a r e  g i v e n  i n  E q s .  ( 2 9 1 )  
t h r o u g h  ( 3 0 6 )  f o r  a  g e n e ~ a l  + d ( F )  m o d e l .  T h e s e  e x p r e s s i o n s  i n c l u d e  t w e n t y  
a u x i l i a r y  p a r a m e t e r s ,  p t h r o u g h  p z o ,  which  d e p e n d  o n  t h e  s t a t i c  c o r e  
p a r a m e t e r s ,  a c c o r d i n g  t o  E q s .  ( 2 7 0 )  t h r o u g h  ( 2 9 0 ) .  I n  p r a c t i c e ,  s i x  sirn- 
p l i f i e d  q b d ( F )  t y p e s ,  T y p e s  A t h r o u g h  F ,  a r e  o b t a i n e d  by e l i m i n a t i n g  o n e  
t o  t h r e e  r e g i o n s  f rom t h e  g e n e r a l  @ d ( F )  model ( T y p e  G ) .  E x p r e s s i o n s  f o r  
+p a n d  a s  f u n c t i o n s  o f  F  a r e  g i v e n  i n  E q s .  ( 3 0 8 )  a n d  ( 3 0 9 ) ,  r e s p e c -  
t i v e l y ,  f o r  a  g e n e r a l ,  f i v e - r e g i o n  @ ( F )  m o d e l .  T h e s e  e x p r e s s i o n s  i n c l u d e  
P 
t h e  s t a t i c  p a r a m e t e r  F d l  and  t w e l v e  dynamic  p a r a m e t e r s :  A d ,  u d ,  F d B ,  A ,  
F: ,  v ,  F B ,  p p ,  F o ,  F B I ,  p p l ,  and F o l .  I n  p r a c t i c e ,  q p ( F )  may b e  s i m p l i f i e d  
by e l i m i n a t i n g  some o f  t h e s e  r e g i o n s ,  t h u s  d e c r e a s i n g  t h e  number  o f  dynamic  
p a r a m e t e r s .  The v a l u e s  o f  V ,  A ,  F d B ,  v d ,  and A d  may b e  computed  q u i t e  
a c c u r a t e l y  f rom t h e  v a l u e s  o f  F K ,  F B ,  F o ,  and  p p .  
3 .  I n p u t  C o r e  D a t a  
The  i n p u t  c o r e  d a t a  a r e  u s e d  t o  d e t e r m i n e  t h e  s t a t i c  a n d  dynamic  
c o r e  p a r a m e t e r s  f o r  n o r m a l  a n d  w o r s t - c a s e  c o n d i t i o n s .  The  g e n e r a l  G d ( F )  
p a r a m e t e r s  i n c l u d e  F d l ,  F d  Z, F d  g, F d 4 ,  and  t h e  a u x i l i a r y  p a r a m e t e r s  p l  
t h r o u g h  p 2 0 .  D e p e n d i n g  on  t h e  Q d ( F )  t y p e ,  some o f  t h e s e  p a r a m e t e r s  may 
b e  s u p e r f l u o u s .  T h e  g e n e r a l  $p ( F )  p a r a m e t e r s  a r e  A d ,  v d ,  F d B ,  A ,  F i ,  v ,  
F,, p p ,  F o ,  F B I ,  p p  l ,  and F o  Some o f  t h e s e  p a r a m e t e r s  may a l s o  b e  s u p e r -  
f l u o u s ,  d e p e n d i n g  on  t h e  s h a p e  o f  t h e  +p ( , F )  c u r v e .  
Two k i n d s  o f  i n p u t  c o r e  d a t a  h a v e  b e e n  d i s t i n g u i s h e d  s o  f a r :  
( 1 )  D a t a  b a s e d  on m e a s u r e d  + d ( F )  and q p ( F )  F u r v e s .  
Such d a t a  h a v e  b e e n  u s e d  i n  R e p o r t s  1 t h r o u g h  
5 f o r  f e r r i t e  c o r e s ,  and w i l l  b e  d e s i g n a t e d  
by " @ F J ' .  
( 2 )  C a t a  b a s e d  on s t a t i c  and dynamic  B ( H )  l o o p s .  
Such  d a t a  a r e  f o u n d  i n  a  m a n u f a c t u r e r ' s  c a t a l o g  
o f  t a p e - w o u n d  c o r e s ,  and  w i l l  b e  d e s i g n a t e d  by " B H " ,  
L e t  u s  d i s c u s s  t h e  d a t a  e n t r y  a n d  t h e  p r e l i m i n a r y  c o m p u t a t i o n  a s s o c i a t e d  
w i t h  e a c h  t y p e  s e p a r a t e l y .  
a .  q d ( F )  a n d  G p ( F )  D a t a  (@F d a t a )  
i .  I n p u t  D a t a  
E x c e p t  f o r  c o r e  d i m e n s i o n s ,  t h e  i n p u t  c o r e  d a t a  a r e  e n t e r e d  
i n  MKS u n i t s .  
C o r e  d i m e n s i o n s  
OD ( O u t s i d e  D i a m e t e r ) ,  i n  i n c h .  
I D  ( I n s i d e  D i a m e t e r ) ,  i n  i n c h .  
q d ( F )  d a t a  ( s e e  F i g .  2 3 )  
F o r  t h e  g e n e r a l  @ d ( F )  m o d e l ,  F i g .  2 3 ( a ) ,  t h e  f o l l o w i n g  p a r a m e t e r s  
a r e  s p e c i f i e d :  
T y p e  o f  G d ( F )  c u r v e  ( A ,  B ,  C, D ,  E ,  F ,  o r  G ) ;  
C o r e  m a t e r i a l  ( F e r r i t e  o r  ' I a p e - w o u n d )  ; 
Fd l ;  F d z ;  Fd 2 ;  F d 3 ;  
@d 2 ;  
H a ;  H q ;  H* 
I f  R e g i o n  2  i s  l i n e a r  ( w i t h  f i n i t e  o r  i n f i n i t e  s l o p e ) ,  
t h e n  F d 2  n e e d  n o t  b e  s p e c i f i e d .  I f  R e g i o n  2  i s  l i n e a r  a n d  h a s  a n  i n f i -  
~ i i t e  s l o p e  ( j u m p ) ,  t h e n  F d g  n e e d  n o t  b e  s p e c i f i e d .  
F o r  s i m p l i f i e d  G d ( F )  m o d e l s ,  F i g .  2 3 ( b ) ,  t h e  p a r a m e t e r s  
b e l o n g i n g  t o  t h e  n o n e x i s t i n g  r e g i o n s  a r e  n o t  s p e c i f i e d ,  a s  shown i n  
T a b l e  I .  T h e  v a l u e  o f  pr m u s t  b e  s p e c i f i e d  f o r  any  t y p e .  
T a b l e  I 
STATIC $ ( F )  PARAMETERS TO BE SPECIFIED FOR EACH @d (F)-MODEL TYPE 
( S e e  F i g .  2 3 ) .  r /  - s p e c i f i e d ;  (1') - s p e c i f i e d  i f  R e g i o n  2  i s  
n o n l i n e a r  ( n e e d  n o t ,  b u t  may he  s p e c i f i e d  o t h e r w i s e ) ;  - -  - not,  
s p e c i f i e d .  
+,(F) P a r a m e t e r s  ( s e e  F i g .  24) 
F o r  t h e  g e n e r a l  $p ( F )  m o d e l ,  F i g .  24, t h e  f o l l o w i n g  p a r a m e t e r s  
a r e  s p e c i f i e d :  
Fo1; P, 1 
If R e g i o n  2  ( F d l  5 F  5 F d B )  i s  unknown, t h e n  A d ,  u d ,  and  
Fd B a r e  n o t  s p e c i f i e d .  I f  R e g i o n  5 ( F B I  5 F )  i s  a b s e n t ,  t h e n  F B I ,  F O 1 ,  
and  p a r e  n o t  s p e c i f i e d .  
P 1 
. . 
L P r e l i m i n a r y  C o m p u t a t i o n  
The s t e p s  f o r  d e t e r m i n i n g  t h e  r e q u i r e d  p a r a m e t e r s  a r e  o u t  
l i n e d  a s  f o l l o w s :  
@,,(F)  P a r a m e t e r s  
(1) P o l y c r y s t a l l i n e  f e r r i t e  c o r e s  a r e  c h a r a c t e r i z e d  
by +d(F) c u r v e s  o f  t y p e  B o r  D.  A n t i c i p a t i n g  more  
u s e  w i t h  f e r r i t e  c o r e s ,  and s i n c e  t h e  fo , rmer  i s  
more  g e n e r a l ,  we s h a l l  a r b i t r a r i l y  assume t h a t  i f  
no t y p e  i s  s p e c i f i e d ,  t h e n  Type  B i s  i m p l i e d .  
( 2 )  I f  $S = O ( i .  e . ,  n o t  s p e c i f i e d ) ,  t h e n  
$, = 1 . 1  @,. 
( 3 )  I f  a  d m a x - p e r c e n t  v a r i a t i o n  o f  t h e  i n p u t -  
p a r a r n e t e r  v a l u e s  f o r  a  w o r s t - c a s e  a n a l y s i s  i s  
s p e c i f i e d  by t h e  u s e r ,  t h e n  t h e  s i g n  S o f  t h e  
c h a n g e  i n  e a c h  i n p u t  p a r a r n e t e r  mus t  a l s o  b e  
p r o v i d e d .  The S - d a t a  a r e  e n t e r e d  f o l l o w i n g  a  
n o r m a l  d a t a  e n t r y .  Each p a r a m e t e r  o f  n o m i n a l  
v a l u e  p n  i s  t h e n  c h a n g e d  a c c o r d i n g  t o  
( 4 )  T h e  l e n g t h s  l o  = n . 0 . 0 2 5 4 - O D  and  1 ;  = v . 0 . 0 2 5 4 - I D  
a r e  computed .  
( 5 )  A u x i l i a r y  p a r a m e t e r s  p t h r o u g h  p ,  a r e  c o m p u t e d  
f rom E q s .  ( 2 7 0 )  t h r o u g h  ( 2 7 3 ) .  
( 6 )  I f  Type  = F ,  t h e n  
I f  F d 2  = O ( i . e . ,  when o n l y  F d l  i s  s p e c i f i e d ) ,  
t h e n  F d 2  = F d l .  S u b s t i t u t i n g  F  = F d 2  i n t o  
E q s .  ( 3 0 5 )  and ( 3 0 6 1 ,  we compute  
( 7 )  I f  Type  = G ,  B ,  C, o r  F  ( i .  e . ,  R e g i o n  2  e x i s t s ) ,  t h e n  
I f  F d r  = 0  o r  F d l  = F d l  o r . F d z  = 0 . 5  
( F d  + F d  2) ( i .  e . ,  R e g i o n  2  i s  l i n e a r ) ,  
t h e n  
F~~ = 0  or- F d 2  = F d l  ( i . e . ,  R e g i o n  2  
i s  a  j u m p ) ,  t h e n  
I n  o r d e r  t o  p r e v e n t  c o m p u t a t i o n a l  o s c i l l a -  
t i o n s ,  a  jump i s  c o n v e r t e d  i n t o  a  s t r a i g h t  
l i n e  o f  h i g h  s l o p e  by s e t t i n g  
p 5  i s  computed  f rom E q .  ( 2 7 4 ) .  
R e d u c i n g  Eq. ( 2 9 5 )  t o  qd = p s  + p 6 ( F  - F d l )  
a n d  s u b s t i t u t i n g  qd = @ d 2  @ F = F d 2 ,  
To a s s u r e  t h a t  q 2  = 0 ,  s e t  p 7  = 1 . 0  a n d  
P 8  = p 9  = 0 .  
E l s e  ( i .  e ,  , R e g i o n  2  i s  n o n l i n e a r ) ,  t h e n  
p s  t h r o u g h  p 9  a r e  computed  f rom E q s .  ( 2 7 4 )  
t h r o u g h  ( 2 7 8 ) .  
( 8 )  I f  Type  = G, A ,  B, o r  D ( i .  e . ,  R e g i o n  4  a n d / o r  5  e x i s t ) ,  
t h e n  H, and  H;ln a r e  computed  f rom E q s .  ( 2 6 8 )  and  ( 2 6 7 ) ,  
a n d  p o  and  p l  t h r o u g h  p  2 o  a r e  computed  f rom Eqs .  ( 2 8 1 )  
t h r o u g h  ( 2 9 0 ) .  A l s o ,  i f  Type = D ,  t h e n  
E l s e  ( i .  e . ,  T y p e  = C, E, o r  F ) ,  t h e n  R e g i o n  4  
i s  b y p a s s e d  ( b e c a u s e  F d 4  = 0 ) '  and  R e g i o n  5  
i s  r e p l a c e d  by R e g i o n  6 by a r t i f i c i a l l y  s e t t i n g  
P 1 3  = P-1, = -P3)  P 1 7  = - P 2 j  P 1 8  = - G r ,  and  
p 2 ,  = - p 4  [ c f .  E q s .  ( 3 0 2 )  t h r o u g h  ( 3 0 7 ) l .  
( 9 )  I f  Type = G ,  A ,  C, o r  E  ( i . e . ,  R e g i o n  3  e x i s t s ) ,  t h e n  
I f  Type  = G o r  A ( i . e . ,  R e g i o n s  4  a n d / o r  5 
e x i s t ) ,  t h e n  
I f  F d 3  < F d 4  ( i . e .  , R e g i o n  4  e x i s t s )  , t h e n  
@d 3 i s  computed  by s u b s t i t u t i n g  F = F d 3  i n t o  
4 d ( F )  i n  R e g i o n  4 ,  E q s .  ( 2 9 9 )  a n d  ( 3 0 0 ) .  
E l s e  ( i .  e . ,  R e g i o n  4  d o e s  n o t  e x i s t ) ,  t h e n  
G d 3  i s  computed  by s u b s t i t u t i n g  F = F d 3  i n t o  
G d ( F J  i n  R e g i o n  5 ,  E q s .  ( 3 0 2 )  and ( 3 0 3 ) .  
E l s e  ( i .  e . ,  Type  = C o r  E)  , t h e n  
$d i s  computed  by  s u b s t i t u t i n g  F = F d 3  i n t o  
G d ( F )  i n  R e g i o n  6 ,  E q s .  ( 3 0 5 )  and ( 3 0 6 ) .  
I f  T y p e  = G o r  C ( i .  e . ,  R e g i o n  2  e x i s t s ) ,  t h e n  
G d 2  i s  known, and  t h e  s l o p e  o f  R e g i o n  3  i s  
E l s e  ( i . e . ,  R e g i o n  2  d o e s  n o t  e x i s t ) ,  t h e n  
P l 0  = (@d3 - c p d 1 , ) / ( F d g  : F d l ) ,  w h e r e  G d l s  
i s  computed  b y  s u b s t i t u t ~ n ~  F = F d l  i n t o  
+ d ( F )  i n  R e g i o n  1 ,  E q s .  ( 2 9 1 )  a n d  ( 2 9 2 ) .  
U s i n g  Eq.  ( 2 9 7 1 ,  p l l  = p 1 0 F d 3  - @ d 3 '  
$ p ( F )  P a r a m e t e r s  
( 1 )  I f  FB1 = 0  ( n o t  s p e c i f i e d ) ,  t h e n  R e g i o n  5  o f  Q p ( F )  
i s  assumed  n o t  t o  e x i s t ,  and  FB a i s  s e t  t o  1 0  3 0  ( i n  
o r d e r  t o  p r e v e n t  e n t e r i n g  R e g i o n  5  i f  F  > F B ) .  
( 2 )  I f  F i  < F d l ,  we assume t h a t  F: i s  e r r o n e o u s  and  
s e t  F; = F d l .  
( 3 )  I f  v = 0  ( n o t  s p e c i f i e d ) ,  t h e n ,  f o l l o w i n g  Eq. ( 3 1 2 ) )  
FB - Fd' 
( 4 )  I f  h = 0  ( n o t  s p e c i f i e d ) ,  t h e n ,  f o l l o w i n g  Eq .  ( 3 1 3 1 ,  
( 5 )  I f  FdB = 0  ( n o t  s p e c i f i e d ) ,  t h e n ,  f o l l o w i n g  Eq. ( 3 1 4 ) ,  
F,, = 1. 15  F;. 
( 6 )  I f  v d  = 0  ( n o t  s p e c i f i e d ) ,  t h e n ,  f o l l o w i n g  Eq. ( 3 1 0 ) ,  
V d  = V 
FdB - Fb' 
( 7 )  I f  A d  = 0  ( n o t  s p e c i f i e d ) ,  t h e n ,  f o l l o w i n g  Eq. ( 3 1 1 1 ,  
( 8 )  A " n e g l i g i b l e  v a l u e "  o f  @ i s  e s t i m a t e d  on t h e  b a s i s  
o f  Eq. ( 2 5 7 )  t o  b e  
b .  S t a t i c  and Dynamic B ( H ) - L o o p  D a t a  (BH D a t a )  
I n  t h e  a b s e n c e  o f  m e a s u r e d  Q d ( F )  and + p ( F )  p a r a m e t e r s ,  i t  i s  
p o s s i b l e  t o  e s t i m a t e  t h e  v a l u e s  o f  t h e s e  p a r a m e t e r s  on t h e  b a s i s  o f  s t a t i c  
and d y n a m i c  B(H) l o o p s .  S u c h  d a t a  a r e  u s u a l l y  a v a i l a b l e  f o r  t a p e - w o u n d  
c o r e s  i n  t h e  m a n u f a c t u r e r ' s  c a t a l o g .  An e x a m p l e  i s  shown i n  F i g .  25  ( t h e  
s h a p e s  o f  t h e  c u r v e s  c o r r e s p o n d  t o  S q u a r e  P e r m a l l o y  80 m a t e r i a l 1 9 ) .  
Q u i t e  commonly, t h e  c a t a l o g  d a t a  a r e  g i v e n  i n  t h e  f o l l o w i n g  u n i t s :  H i n  
o e r s t e d ,  B  i n  g a u s s e s ,  e f f e c t i v e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  c o r e  i n  c m 2 ,  
a n d  t h e  c o r e  d i a m e t e r s  i n  i n c h .  The  i n p u t  d a t a  w i l l ,  t h e r e f o r e ,  u s e  s u c h  
u n i t s ,  a n d  b e  d e s i g n a t e d  by s u b s c r i p t  " i n " ,  b e f o r e  b e i n g  c o n v e r t e d  i n t o  
MKS u n i t s .  T h e  r e s u l t i n g  p a r a m e t e r  v a l u e s  w i l l ,  o f  c o u r s e ,  b e  l e s s  a c -  
c u r a t e  t h a n  m e a s u r e d  o n e s .  
i .  I n p u t  D a t a  
C o r e  D i m e n s i o n s  
OD ( O u t s i d e  D i a m e t e r ) ,  i n  i n c h  
I D  ( I n s i d e  D i a m e t e r ) ,  i n  i n c h  
A i n  ( e f f e c t i v e  c r o s s -  s e c t i o n a l  c o r e  a r e a ) ,  i n  cm2 
S t a t i c  B(H) D a t a  [See  F i g .  2 5 ( a ) I  
F o r  t h e  g e n e r a l  Bd(H)  m o d e l ,  F i g .  2 5 ( a ) ,  t h e  f o l l o w i n g  d a t a  a r e  
s p e c i f i e d  i n  emu u n i t s  o f  g a u s s e s  f o r  B  a n d  i n  o e r s t e d  f o r  H :  
B r ,  i n ;  
Type  o f  B d ( H )  c u r v e  ( A ,  B, C, D, E, F, o r  G I ;  
C o r e  m a t e r i a l  ( F e r r i t e  o r  T a p e -  wound) ; 
H d l , i n ;  H d z , i n ;  H d ~ , i n ;  H d 3 , i n ;  H m , i n  ; 
B d 2 ,  i n ;  B d 3 ,  i n ;  B m ,  i n '  
S i m p l i f i e d  B d ( H )  m o d e l s  a r e  c l a s s i f i e d  i n t o  T y p e s  A t h r o u g h  F ,  
w h i c h  a r e  s i m i l a r  i n  s h a p e  t o  t h e  G d ( F ) - m o d e l  t y p e s  i n  F i g .  2 3 ( b ) .  T h e s e  
B d ( H ) - m o d e l  t y p e s  a r e ,  t h e r e f o r e ,  d e f i n e d  i n  F i g .  2 3 ( b )  i f  i s  r e p l a c e d  
by B  and F i s  r e p l a c e d  by H. 
If R e g i o n  2  i s  l i n e a r  ( w i t h  f i n i t e  o r  i n f i n i t e  s l o p e ) ,  t h e n  H d z , i n  
n e e d  n o t  b e  s p e c i f i e d .  I f  R e g i o n  2  i s  l i n e a r  and h a s  an i n f i n i t e  s l o p e  
( j u m p ) ,  t h e n  H d 2 , i n  n e e d  n o t  b e  s p e c i f i e d .  

F o r  s i m p l i f i e d  Bd(H)-mode l  t y p e s ,  t h e  p a r a m e t e r s  b e l o n g i n g  
t o  n o n e x i s t i n g  r e g i o n s  a r e  n o t  s p e c i f i e d ,  a s  shown i n  T a b l e  11. F o r  Type  
D ,  a 1  t h o u g h  t h e  v a l u e s  o f  Bd 3 ,  a n d  'd 3 ,  I n  c o r r e s p o n d  t o  any a r b i t r a r y  
p o i n t  on t h e  c u r v e ,  i t  i s  p r e f e r r e d  t h a t  B d ,  = 0 a n d ,  c o n s e q u e n t l y ,  
' d 3 ,  i n  = N ~ , ~ n  . T h e  v a l u e  o f  B , ,  must  b e  s p e c i f i e d  f o r  any  B d ( H ) - m o d e l  
tYP e -  
T a b l e  I1 
STATIC B ( H )  PARAMETERS TO BE SPECIFIED FOR EACH Bd(H)-MODEL TYPE 
[ s e e  F i g s .  23 and 2 5 ( a ) ] .  J - s p e c i f i e d ;  ( J )  - s p e c i f i e d  i f  
R e g i o n  2 i s  n o n l i n e a r  ( n e e d  n o t ,  b u t  may be  s p e c i f i e d  o t h e r -  
w i s e ) ;  - -  - n o t  s p e c i f i e d .  
Dynamic B(H) D a t a  [ s e e  F i g .  2 5 ( b ) ]  
n  d y  n p  [number o f  dynamic  B(H) c u r v e s ]  
F o r  j = 1 ,  2 ,  . - .  , n d y n p :  
f ( j )  [ f r e q u e n c y  ( i n  H z ) ] ;  H o B , i n ( j )  [ H  ( i n  o e r s t e d )  @ B  = 01 
i i .  C o m p u t a t i o n  o f  A p p r o x i m a t e  q d ( F )  and  $D ( F )  P a r a m e t e r s  
B e f o r e  any  c o m p u t a t i o n  i s  p e r f o r m e d ,  t h e  i n p u t  d a t a  a r e  
m o d i f i e d  a c c o r d i n g  t o  E q .  ( 3 1 5 ) ,  i f  a  w o r s t - c a s e  p a r a m e t e r  v a r i a t i o n  o f  
d m a x  p e r c e n t  i s  s p e c i f i e d  by t h e  u s e r .  We s h a l l  n e x t  show how t h e  a b o v e  
d a t a ,  which  a r e  e x t r a c t e d  from s t a t i c  and  dynamic  B(H) l o o p s ,  may b e  
u t i l i z e d  t o  compute  a p p r o x i m a t e  v a l u e s  f o r  t h e  G d ( F )  and + p ( F )  i n p u t  
p a r a m e t e r s ,  S e c .  I - C - a - i ,  p p .  6 4 - 6 5 .  
+,(F)  P a r a m e t e r s  
T h e  l e n g t h s  l o  = n . 0 . 0 2 5 4 . O D  and  L L  = n . 0 , 0 2 5 4 - I D  a r e  f i r s t  c o m p u t e d .  
T h e  i n p u t  s t a t i c  B(H) d a t a  a r e  t h e n  c o n v e r t e d  t o  MKS u n i t s ,  u s i n g  t h e  
r e l a t i o n s  
and  
H(At/m) = Hi ( o e r s t e d )  - 7 9 .  577 ( 3 2 5  
F o r  T y p e s  G ( g e n e r a l ) ,  A, B, and D ,  w e  a s sume t h a t  Bm = ( B s  + B r ) / 2 ,  
a n d  h e n c e ,  
Bs = 2Bm - Br ( 3 2 6 )  
F o r  T y p e s  C, E, and F ,  w e  s i m p l y  l e t  B, = 1.1 B r .  
T h u s ,  
, = B,A ( 3 2 7 )  
4 = BrA ( 3 2 8 )  
and  
@d 2 = Bd2A ( 329)  
C o m p a r i n g  F i g s .  23 a n d  2 5 ( a ) ,  w e  a s sume t h a t ,  e x c e p t  f o r  Type  F, 
@d 2 i s  c l o s e  t o  -+r and t h a t  +d i s  c l o s e  t o  Gr ; h e n c e ,  
a n d  
I n  t h e  c a s e  o f  Type  F ,  H d 3  = H d 2 ,  and  h e n c e ,  
a n d  
L e t  u s  u s e  t h e  h y p e r b o l i c  m o d e l s  f o r  t h e  s t a t i c  B ( H )  c u r v e  
i n  R e p o r t  2 ,  Eqs .  ( 1 0 )  a n d  ( l l ) ,  t o  d e s c r i b e  B d ( H )  i n  R e g i o n s  1 a n d  4 - 5 .  
A c c o r d i n g l y ,  R e g i o n  1 i s  d e s c r i b e d  by 
a n d ,  s i n c e  ( B s  + B r )  = 2B , ,  R e g i o n  4 - 5  i s  d e s c r i b e d  by 
U s i n g  t h e  r e l a t i o n  B d ( H )  = - B d ( - H )  i n  t h e  s a t u r a t i o n  r e g i o n s ,  R e g i o n  6  
i s ,  t h e n ,  d e s c r i b e d  by 
S u b s t i t u t i n g  H = H ,  and B d  = B ,  = ( B r  + B , ) / 2  i n t o  Eq.  ( 3 3 6 ) ,  we f i n d  
t h a t  f o r  T y p e s  G, A ,  B ,  a n d  D ,  
On t h e  b a s i s  o f  some o b s e r v a t i o n ,  we assume t h a t  f o r  T y p e s  C, E ,  a n d  F ,  
C o n s i d e r  a g a i n  T y p e s  G ,  A ,  B ,  and D [ i .  e . ,  s t a t i c  B ( H )  
c u r v e s  w i t h  t h e  n o n l i n e a r  R e g i o n  4 - 5 1 ,  and l e t  H d 3  = H d 2  and  B d 3  = B d 2  
f o r  Type  B .  T h u s ,  f o r  e a c h  o f  t h e s e  f o u r  t y p e s ,  t h e  c o o r d i n a t e s  
( H , ,  B , )  and ( H d 3 ,  B d 3 )  o f  two p o i n t s  i n  R e g i o n  4 - 5  a r e  known. Sub-  
s t i t u t i n g  t h e s e  c o o r d i n a t e s  i n t o  E q .  ( 3 3 5 ) ,  we o b t a i n  two e q u a t i o n s  
f rom w h i c h  H n  and H q  a r e  s o l v e d  f o r .  We t h u s  o b t a i n  
a n d  
T h i s  c o m p l e t e s  t h e  c o m p u t a t i o n  o f  a p p r o x i m a t e  v a l u e s  f o r  
t h e  p d ( F ) - m o d e l  p a r a m e t e r s  + s ,  Q r ,  F d l '  F d t ,  F d 2 >  F d 3 ,  G d 2 ,  H h ,  Hil ,  and 
H,,. The  p r e l i m i n a r y  c o m p u t a t i o n  o f  t h e  a u x i l i a r y  p a r a m e t e r s  p t h r o u g h  
. . p z o  now f o l l o w s  s t e p s  ( 5 )  t h r o u g h  ( 9 ) ,  S e c .  I - C - 3 - a - 1 1 ,  p p .  6 5 - 6 8 .  
GP ( F )  P a r a m e t e r s  
T h e  d y n a m i c  B(H) c u r v e s  i n  F i g .  2 5 ( b )  a r e  commonly o b t a i n e d  w h i l e  t h e  
t e s t e d  c o r e  i s  e x c i t e d  by a  s i n u s o i d a l  v o l t a g e  s o u r c e  e s  o f  a m p l i t u d e  E S P  
a n d  f r e q u e n c y  f a c r o s s  Nd t u r n s .  T h u s ,  a s s u m i n g  a  u n i f o r m  B  a c r o s s  t h e  
c o r e ,  
e s  = E S P  s i n  ( w t )  = NdAB(t )  
w h e r e  
h e n c e ,  
w h e r e  
B ( t )  = Bp s i n  ( w t )  ,, 
R e f e r r i n g  t o  F i g .  2 5 ,  l e t  u s  assume t h a t  E S P  and Nd a r e  a d j u s t e d  s o  t h a t  
B  s w i n g s  b e t w e e n  -Bm and + B m ;  h e n c e ,  i n t e g r a t i o n  o f  Eq. ( 3 4 3 )  g i v e s  
At t = T,  c o s  (mt) = -1 a n d  B(t) = B m ;  h e n c e ,  
T h e  w a v e f o r m s  of B(t) and B(t) and t h e  c o r r e s p o n d i n g  mag- 
n e t i z i n g  f i e l d  H(t) a r e  shown i n  F i g .  26. A s  i s  e v i d e n t  from t h e  d y n a m i c  
B ( H )  c u r v e s  i n  F i g .  25(b), t h e  h i g h e r  t h e  f r e q u e n c y  o f  e x c i t a t i o n  f ,  t h e  
f a s t e r  t h e  s w i t c h i n g  r a t e  a n d ,  h e n c e ,  t h e  h i g h e r  t h e  r e q u i r e d  e x c e s s  f i e l d  
H - H,. 
N o t e  i n  F i g .  26 t h a t  a t  t = T/2, B = B p ,  B = 0 ,  and  H = HOB. 
V a l u e s  o f  HOB f o r  d i f f e r e n t  v a l u e s  o f  f c a n  b e  o b t a i n e d  d i r e c t l y  f r o m  t h e  
p l o t s  o f  d y n a m i c  B(H) c u r v e s ,  F i g .  25(b). T h e  c o r r e s p o n d i n g  Bp v a l u e s  c a n  
b e  c o m p u t e d  f rom Eq.  (346). R e c a l l i n g  t h a t  t h e r e  a r e  n d y n p  dynamic  B(H) 
l o o p s ,  we t h u s  o b t a i n  n d y n p  p o i n t s  f o r  Bp u s .  H ,  a s  shown i n  F i g .  2 7 ( a ) .  
We a s s u m e  t h a t  t h e s e  p o i n t s  c o r r e s p o n d  t o  t h e  l i n e a r  p o r t i o n  o f  t h e  B,(H) 
c u r v e ,  
w h e r e  = pp l / A  and Ho = F o / l  [ s e e  R e p o r t  2 ,  p .  39, E q s .  (88) and (89)I. 
T h i s  a l l o w s  u s  t o  d e t e r m i n e  cp a n d  Ho by l e a s t - m e a n - s q u a r e - e r r o r  f i t t i n g  
o f  Eq.  (347) a n d  t h e  ndYnp p o i n t s  i n  F i g .  27(a). We t h u s  o b t a i n  
f(j)Hosijr - f f,j) f H ~ ~ i j ,  n d y n ~  
5, = ~ T B ,  ( 348) 
n d y n p  H:B(j) - [ Z H O ~ ( j )  I
and  
d y  n p  
w h e r e  2 = Z . S u b s t i t u t i n g  
I j = 1  
Figure 26 SlNUSOlDAL b( t )  AND THE RESULTING 
B(t) AND H(t)  WAVEFORMS 
(a) Fitting of Bp = fp(H - HO) to B ~ ( H )  points (b) A three- region&(^) curve in which 
(6, = 2n Emf; H = HOB) obtained from a pp = fpAIl ,  F, = Hal, FB = Fo(a + bT); 
manufacturer's catalog v = (FB - Fd,)/(FB - Fo), and h = ppI[v(FB - FdlIv - '1 
TA-6408-26 
Figure 27 DETERMINATION OF APPROXIMATE ip (F) PARAMETERS FROM 
DYNAMIC B(H) LOOPS 
a n d  
i n t o  E q s .  ( 3 4 8 )  a n d  ( 3 4 9 ) ,  w e  g e t  
and 
w h e r e  
An a p p r o x i m a t e  v a l u e  f o r  FB may be  o b t a i n e d  f rom t h e  
e m p i r i c a l  r e l a t i o n s  
F o [ l .  33 - 0 . 0 0 0 7  (T°K - 2 9 8 ) ]  f o r  t a p e - w o u n d  c o r e s  ( 3 5 8 a )  
F o [ 2 . 0 0  + 0 . 0 0 8  (T°K - 2 9 8 ) l .  fo , r  f e , r , r i t e  ? o r e s .  ( 3 5 8 b )  
T h e s e  r e l a t i o n s  a r e  b a s e d  on  a v e r a g i n g  v a l u e s  o f  FB/FO U S .  t e m p e r a t u r e  
o f  t a p e - w o u n d  a n d  f e r r i t e  c o r e s  whose p a r a m e t e r s  h a v e  b e e n  m e a s u r e d  i n  t h e  
p a s t .  N o t e  t h a t  FB/FO d e c r e a s e s  w i t h  t e m p e r a t u r e  f o r  t a p e - w o u n d  c o r e s ,  
w h e r e a s  f o r  f e r r i t e  c o r e s ,  F B / F o  i n c r e a s e s  w i t h  t e m p e r a t u r e .  T h e s e  r e l a -  
t i o n s  may be  m o d i f i e d  i n  f u t u r e  a s  more  d a t a  a r e  c o l l e c t e d .  
The  g e n e r a l  + p ( F )  m o d e l ,  E q s .  ( 3 0 8 ) ,  i s  s i m p l i f i e d  i n t o  
a  t h r e e - r e g i o n  c u r v e  
r o  f o r  0  L F  L F d l  ( 359a)  
h  ( F  - F d l ) V  f o r  F d l  5 F 5 FB ( 359b)  
P, ( F  - F o )  f o r  F B i F  p ( 3 5 9 ~ )  
w h i c h  i s  shown i n  F i g .  2 7 ( b ) .  We now r e q u i r e  t h a t  G P ( F )  b e  c o n t i n u o u s ,  
i .  e . ,  t h a t  t h e  n e i g h b o r i n g  r e g i o n s  a t  F = FB h a v e  t h e  same v a l u e  o f  4 P 
a n d  t h e  same v a l u e  o f  d+p/dF.  H e n c e ,  
a n d  
S i n c e  FdB i s  n o t  a s s i g n e d  v a l u e ,  i t s  v a l u e  i s  z e r o  by d e f a u l t .  T h e r e f o r e ,  
t h e  g e n e r a l  + p ( F )  m o d e l ,  E q s .  ( 3 0 8 ) ,  becomes  e q u i v a l e n t  t~ t h e  s i m p l i f i e d  
4 p ( F )  m o d e l ,  E q s .  ( 3 5 9 ) ,  by s e t t i n g  F i  = F d l  and FB1 = 10 3 0 .  S i n c e  
R e g i o n  2 o f  t h e  g e n e r a l  model i s  b y p a s s e d  and  R e g i o n  5  i s  n e v e r  r e a c h e d ,  
t h e  v a l u e s  o f  Ad,, v d ,  Foal ,  a n d  pp n e e d  n o t  b e  computed  ( t h e y  s t a y  z e r o  
by d e f a u l t )  . 
A " n e g l i g i b l e  v a l u e ,  " ZV, i s  computed  f rom Eq. ( 2 5 7 ) .  
I I C O M P U T E R  P R O G R A M  
T h e  o r i g i n a l  A u t o n e t i c s '  TRAC p r o g r a m  ( w h i c h  was r e c e i v e d  a t  S t a n f o r d  
R e s e a r c h  I n s t i t u t e  i n  A u g u s t  1 9 6 7 )  c o u l d  n o t  h a n d l e  s q u a r e - l o o p  m a g n e t i c  
c o r e s  p r o p e r l y .  I n  o r d e r  t o  b e  a b l e  t o  a n a l y z e  d i g i t a l  m a g n e t i c  c i r c u i t s ,  
a  c o r e  s u b p r o g r a m  h a s  b e e n  d e v e l o p e d  on t h e  b a s i s  o f  t h e  c o r e  m o d e l ,  S e c .  I - C ,  
p p .  4 0 - 7 8 ,  and  i n c o r p o r a t e d  i n t o  t h e  TRAC p r o g r a m .  I n  a d d i t i o n ,  t h e  p r o -  
gram h a s  b e e n  m o d i f i e d  by i n c l u d i n g  t h e  p r o v i s i o n s  f o r  t h e  f o l l o w i n g  t a s k s :  
( 1 )  D i v i d e  t h e  t r a n s i e n t  r e s p o n s e  i n t o  modes o f  o p e r a t i o n .  
( 2 )  S a v e  t h e  v a l u e s  o f  m a g n e t i c  f l u x e s ,  i n d u c t o r  c u r r e n t s ,  
o r  a l l  t h e  t i m e  v a r i a b l e s  from o n e  mode t o  a n o t h e r .  
( 3 )  Make a c c e s s i b l e  t o ,  t h e  u s e r  new a u x i l i a r y  v a r i a b l e s ,  
s u c h  a s  F ,  #, a n d  $I o f  e a c h  c o r e  and t h e  c u r r e n t  
t h r o u g h  any  c i r c u i t  e l e m e n t .  
( 4 )  P l o t  any v a r i a b l e ,  u s i n g  u n i t s ,  s c a l e s ,  and  f r a m e  s i z e s  
which  a r e  e i t h e r  s p e c i f i e d  by t h e  u s e r  ( e . g . ,  f o r  com- 
p a r i n g  computed  and  e x p e r i m e n t a l  w a v e f o r m s ) ,  o r  d e t e r m i n e d  
a u t o m a t i c a l l y  by t h e  p r o g r a m  on  t h e  b a s i s  o f  e x t r e m e  v a l u e s .  
( 5 )  I n  c a s e  a  c o m p u t e r  r u n  i s  a b o u t  t o  t e r m i n a t e ,  p l o t  r e s u l t s  
and p u n c h  t h e  l a t e s t  v a r i a b l e  v a l u e s  o n  c a r d s  f o r  a  sub-  
s e q u e n t  c o n t i n u e d  r u n .  
( 6 )  Al low c o n d i t i o n a l  MONITOR p r i n t o u t  o f  v a r i a b l e s  i n  any o n e  
o f  1 2  s u b p r o g r a m s  f o r  d e b u g g i n g  p u r p o s e s .  
( 7 )  S p e c i f y  t h e  n o r m a l  c o n d i t i o n s  and c i r c u i t - f a i l u r e  c o n d i -  
t i o n s  f o r  r u n  t e r m i n a t i o n .  
( 8 )  Apply a  r e s i s t o r  model  ( s e e  p p .  1 5 - 1 7 ) ,  whose r e s i s t a n c e  
i s  c o n s t a n t  o r  v a r i a b l e  w i t h  t i m e .  
( 9 )  Apply a n  i n d u c t o r  model  ( s e e  , p p .  2 0 - 2 3 )  composed o f  a  
l i n e a r  o r  n o n l i n e a r  i n d u c t a n c e  i n  p a r a l l e l  w i t h  a  s h u n t  
r e s i s t a n c e - - b o t h  i n  s e r i e s  w i t h  a  r e s i s t a n c e  o f  any  v a l u e .  
T h e  m o d i f i e d  TRAC p r o g r a m ,  r e f e r r e d  t o  a s  MTRAC, w i l l  b e  d e s c r i b e d  
n e x t  i n  t h r e e  p a r t s .  I n  P a r t  A ,  t h e  o v e r a l l  o r g a n i z a t i o n  w i l l  b e  d i s -  
c u s s e d  by d e s c r i b i n g  t h e  f u n c t i o n s  o f  t h e  v a r i o u s  s u b r o u t i n e s  and b l o c k s  
i n  t h e  mai:n p r o g r a m .  A more d e t a i l e d  d e s c r i p t i o n  i s  g i v e n  i n  P a r t  B 
f o r  t h e  READ-WRITE s u b r o u t i n e s  and  t h e  c o m p u t a t i o n  s u b r o u t i n e s  o f  t h e  c i r -  
c u i t  e l e m e n t s ,  and  i n  P a r t  C  f o r  t h e  main  p r o g r a m  and a  few s u b r o u t i n e s  
a s s o c i a t e d  w i t h  i t .  
A .  P r o g r a m  O r g a n i z a t i o n  
T h e  o v e r a l l  o r g a n i z a t i o n  o f  t h e  MTRAC p r o g r a m  i s  summar ized  by t h e  
f u n c t i o n a l  b l o c k  d i a g r a m  i n  F i g .  28.  B l o c k s  1 - 5  c o v e r  t h e  i n i t i a l i z a t i o n ,  
and  t h e  r e m a i n i n g  b l o c k s  c o v e r  t h e  c o m p u t a t i o n  i n v o l v e d  a t  e v e r y  A t  d u r i n g  
t h e  t r a n s i e n t  t i m e  and t h e  o u t p u t .  
1. I n i t i a l i z a t i o n  
B l o c k  1 - To b e g i n  w i t h ,  t h e  g e n e r a l  i n p u t  d a t a  a r e  r e a d  i n  and 
p r i n t e d  o u t  f o r  e a c h  mode o f  o p e r a t i o n . *  
B l o c k  2  - The n e t w o r k  and p a r a m e t e r  d a t a  o f  e a c h  c i r c u i t  e l e m e n t  
a r e  r e a d  i n  and  p r i n t e d  o u t  f o r  e a c h  mode o f  o p e r a t i o n . *  T h i s  o p e r a t i o n  
i s  p e r  fo rmed  by c a l l i n g  e a c h  o f  t h e  READ- WRITE c i r c u i t -  e l e m e n t  s u b r o u t i n e s ,  
t o  b e  d e s c r i b e d  i n  more d e t a i l  i n  P a r t  B, p p .  8 3 - 8 6 .  
B l o c k  3 - I f  s o  s p e c i f i e d  by t h e  u s e r ,  t h e  i n i t i a l  c o n d i t i o n s  
( n o d a l  v o l t a g e s )  w i l l b e  s o l v e d  f o r  i n  an i t e r a t i v e  f a s h i o n .  A l t e r n a t i v e l y ,  
i f  t h e  i n i t i a l  c o n d i t i o n s  a r e  z e r o e d  o r  r e a d  i n ,  t h i s  b l o c k  w i l l  b e  by- 
p a s s e d ,  a s  i s  i n d i c a t e d  by t h e  d a s h e d  l i n e  i n  F i g .  2 8 .  
B l o c k  4 - The  i n i t i a l  v a l u e s  o f  t h e  n o d a l  v o l t a g e s  and  s e l e c t e d  
a u x i l i a r y  v a r i a b l e s  ( b r a n c h  v o l t a g e s ,  c u r r e n t s ,  F ,  4 ,  and 4 o f  c e r t a i n  
c o r e s ,  e t c . )  a r e  p r i n t e d  o u t .  The  v a l u e s  o f  t h o s e  v a r i a b l e s  t h a t  a r e  t o  
b e  p l o t t e d  a r e  s t o r e d  i n  a  s p e c i a l  PLOT a r r a y .  
B l o c k  5 - If t h e  r u n  i s  c o n t i n u e d  from a  p r e v i o u s  r u n  ( w h i c h  was 
t e r m i n a t e d  d u e  t o  a  l i m i t  on t h e  r u n  t i m e ) ,  t h e  v a l u e s  o f  t h e  n e c e s s a T y  
v a r i a b l e s  f rom t h e  p r e v i o u s  r u n  a r e  r e a d  i n  and p r i n t e d  o u t ;  o t h e r w i s e ,  
t h i s  b l o c k  i s  b y p a s s e d .  
* 
T h i s  i s  u n f o r t u n a t e  i n  v i e w  o f  t h e  l a r g e  p o r t i o n  o f  t h e  c i r c u i t  d a t a  t h a t  i s  common t o  s u c c e s s i v e  modes 
o f  o p e r a t i o n .  F u t u r e  p r o g r a m  m o d i f i c a t i o n  s h o u l d  e l i m i n a t e  t h i s  d r a w b a c k  by r e a d i n g  i n  o n l y  c h a n g e s  i n  
t h e  i n p u t  d a t a .  
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2.  T r a n s i e n t  C o m p u t a t i o n  
B l o c k  6 - T h e  m a g n i t u d e s  o f  t h e  v o l t a g e  and  c u r r e n t  s o u r c e s  
t h a t  v a r y  w i t h  t i m e  a r e  c o m p u t e d .  I f  t h e r e  i s  no t i m e - v a r i a b l e  s o u r c e ,  
t h i s  b l o c k  i s  b y p a s s e d .  
B l o c k  7 - The  s o l u t i o n  o f  V ]  = T I /  [HI a t  a  g i v e n  t i m e  s t e p  i s  
o b t a i n e d  i n  a n  i t e r a t i v e  f a s h i o n  u n t i l  c o n v e r g e n c e  i s  a c h i e v e d .  Each  
i t e r a t i o n  c o n s i s t s  o f  t h r e e  s t e p s :  
( 1 )  T h e  a r r a y s  o f  t h e  c o n d u c t a n c e - m a t r i x  [HI  and  t h e  
c u r r e n t - m a t r i x  T ]  a r e  f i l l e d  by c a l l i n g  t h e  
c i r c u i t -  e l e m e n t  s u b r o u t i n e s .  
( 2 )  The  v o l t a g e - m a t r i x  V ]  i s  s o l v e d  f o r ,  u s i n g  G a u s s i a n  
e l i m i n a t i o n  and  back  s u b s t i t u t i o n .  
( 3 )  T h e  c u r r e n t s  t h r o u g h  t h e  n o n l i n e a r  c i r c u i t  e l e m e n t s  
( i .  e . ,  d i o d e s ,  t r a n s i s t o r s ,  and m a g n e t i c - c o r e  wind-  
i n g s )  a r e  computed  and  t e s t e d  f o r  c o n v e r g e n c e .  
I f  c o n v e r g e n c e  h a s  n o t  b e e n  a c h i e v e d ,  t h e n  t h e s e  t h r e e  s t e p s  a r e  r e p e a t e d .  
B o t h  At and t h e  maximum number o f  i t e r a t i o n s  v a r y  a u t o m a t i c a l l y  a c c o r d i n g  
t o  t h e  c o n v e r g e n c e  c o n d i t i o n .  I f  t h e  m a t r i x  e q u a t i o n  i s  s i n g u l a r ,  t h e n  
t h e  c o n t e n t s  o f  t h e  H  a r r a y  a r e  p r i n t e d  o u t  and t h e  r u n  i s  t e r m i n a t e d .  
B l o c k  8 - A f t e r  c o n v e r g e n c e  h a s  b e e n  a c h i e v e d ,  t h e  c u r r e n t s  
t h r o u g h  t h e  l i n e a r  e l e m e n t s  a s  w e l l  a s  any  a u x i l i a r y  v a r i a b l e s  d e f i n e d  
by t h e  u s e r  a r e  c o m p u t e d .  I n  a d d i t i o n ,  At f o r  t h e  n e x t  t i m e  s t e p  i s  ad- 
j u s t e d  a c c o r d i n g  t o  t h e  number o f  i t e r a t i o n s  a t  t h e  r e c e n t  c o n v e r g e n c e .  
B l o c k  9 - Time i s  s t e p p e d  up by A t ,  and t h e  V  a r r a y  i s  s t o r e d  
i n  t h e  V ( - l )  a r r a y  i n  p r e p a r a t i o n  f o r  t h e  n e x t  A t .  A t e s t  f o r  an e n d  
o f  mode i s  made by c o m p a r i n g  t  w i t h  t h e  mode d u r a t i o n .  
B l o c k  1 0  - I f  some o f  t h e  r e s u l t s  a r e  t o  b e  p l o t t e d ,  t h e n  t h e  
c o r r e s p o n d i n g  V  and  t  v a l u e s  a r e  s t o r e d  i n  a p p r o p r i a t e  a r r a y s ,  I f  s o  
s p e c i f i e d ,  t h e  r e s u l t i n g  V  and  t v a l u e s  a r e  p r i n t e d  o u t .  T h e  p r i n t o u t  
a l s o  i n c l u d e s  t h e  At v a l u e ,  t h e  number o f  i t e r a t i o n s ,  t h e  i n d e x  number 
o f  t h e  r e c k n t  t i m e  s t e p ,  and t h e  t o t a l  ( i n t e g r a t e d )  number o f  i t e r a t i o n s .  
B l o c k  11 - I f  a  s h o r t  t i m e  ( e . g . ,  20 s e c o n d s )  b e f o r e  t h e  s p e c i -  
f i e d  maximum r u n  t i m e  i s  r e a c h e d  and  t h e  r u n  i s  n o t  c o m p l e t e d ,  t h e n  t h e  
computed  v a r i a b l e s  t o  b e  p l o t t e d  a r e  p r i n t - p l o t t e d ,  t h e  p l o t  d a t a  a r e  
s t o r e d  on t a p e ,  t h e  f i n a l  r e s u l t s  t h a t  a r e  n e c e s s a r y  t o  c o n t i n u e  t h e  r u n  
l a t e r  a r e  p u n c h e d  o u t  on  c a r d s ,  and t h e  r u n  i s  t e r m i n a t e d .  The  p u n c h e d  
f i n a l  r e s u l t s  i n c l u d e  t h e  t i m e - s t e p  i n d e x  number ,  t ,  A t ,  At  A t  ( - 2 ) ,  
a l l  t h e  V v a l u e s ,  c a p a c i t o r  and i n d u c t o r  c u r r e n t s ,  t h e  v a l u e s  o f  v o l t a g e ,  
c u r r e n t ,  and  if(!') s l o p e  ( s e e  F i g .  1 7 )  o f  e a c h  d i o d e  and t r a n s i s t o r  j u n c -  
t i o n ,  a n d  t h e  v a l u e s  o f  F ( - 3 ) ,  F ( - 2 ) ,  F ( - ~ ) ~  @ ( - 3 ) *  @ ( - 2 ) *  @ ( - I ) >  
q 5 ( - 2 ) ,  a n d  e v e r y  w i n d i n g  c w r r e n t  o f  e a c h  c o r e .  
B l o c k  1 2  - A t  t h e  end o f  a  mode, t h e  p r e v i o u s  r e s u l t s  a r e  p r i n t e d  
o u t  a s  i n  B l o c k  1 0 .  T h o s e  v a r i a b l e s  t h a t  h a v e  b e e n  s p e c i f i e d  by t h e  u s e r  
t o  be  p l o t t e d  a r e  p r i n t - p l o t t e d ,  and t h e  s t o r e d  p l o t  d a t a  and  p l o t  i n s t r u c .  
t i o n s  ( f r a m e ,  t i c s ,  s c a l e ,  u n i t s ,  l a b e l s ,  e t c . )  a r e  w r i t t e n  on a  p l o t  
m a g n e t i c  t a p e .  
I f  a  new mode f o l l ~ w s ,  t h e  c o m p u t a t i o n  i s  r e p e a t e d ,  s t a r t i n g  f rom 
B l o c k  1 ;  o t h e r w i s e ,  t h e  r u n  i s  t e r m i n a t e d .  
B.  C i r c u i t - E l e m e n t  S u b r o u t i n e s  
Two t y p e s  o f  c i r c u i t -  e l e m e n t  s u b r o u t i n e s  a r e  d i s t i n g u i s h e d :  
(1)  T h e  READ-WRITE (RW) s u b r o u t i n e s  t h a t  h a n d l e  t h e  r e a d i n g  i n  
and p r i n t i n g  o u t  o f  t h e  c i r c u i t - e l e m e n t  i n p u t  d a t a  ( t h e y  
may a l s o  compute  c e r t a i n  p a r a m e t e r s ) ,  and  
( 2 )  The  c o m p u t a t i o n  s u b r o u t i n e s ,  w h e r e  t h e  c o n t r i b u t i o n s  
t o  t h e  H and  T a r r a y s  a r e  computed  and  w h e r e  c u r r e n t s  
a r e  computed  a n d ,  f o r  n o n l i n e a r  e l e m e n t s ,  t e s t e d  f o r  
c o n v e r g e n c e .  
T h e  names o f  t h e  RW s u b r o u t i n e s  and t h e  c o m p u t a t i o n  s u b r o u t i n e s  
c o r r e s p o n d i n g  t o  t h e  e i g h t  c i r c u i t - e l e m e n t  t y p e s  a r e  l i s t e d  i n  T a b l e  111. 
T a b l e  I11 
CIRCUIT- ELEMENT SUBROUTINES 
i n d u c t o r s  ( c o n s t a n t  o r  c u r r e n t - d e p e n d e n t )  
z e n e r  d i o d e s  
t r a n s i s t o r s  (npn  o r  pnp)  
m a g n e t i c  c o r e s  ( f e r r i t e  o r  tape-wound) 
I n  t h e  c a s e  o f  m a g n e t i c  c o r e s ,  a  s h o r t  s u b r o u t i n e  named RWCORE w i l l ,  i n  t u r n ,  
c a l l  e i t h e r  S u b r o u t i n e  RWCORF f o r + F  i n p u t  d a t a  o r  S u b r o u t i n e  RWCORH f o r  
BH i n p u t  d a t a  ( c f .  S e c .  I - C - 3 - a ,  p p .  6 4 - 6 8 ,  a n d  S e c .  I - C - 3 - b ,  p p .  6 9 - 7 8 ) .  
L e t  u s  d e s c r i b e  e a c h  s u b r o u t i n e  t y p e  s e p a r a t e l y  i n  a  g e n e r a l  way,  
a n d  t h e n  d e s c r i b e  o n e  s u b r o u t i n e ,  S u b r o u t i n e  CORE, i n  m o r e  d e t a i l .  
1. READ-WRITE C i r c u i t - E l e m e n t  S u b r o u t i n e s  
T h e  READ-WRITE s u b r o u t i n e s  a r e  c a l l e d  o n c e  ( i n  t h e  b e g i n n i n g  o f  e a c h  
mode r u n )  f rom t h e  m a i n  p r o g r a m .  The  L a s k s  o f  e a c h  o f  t h e s e  s u b r o u t i n e s  
a r e  t o  r e a d  i n  and  p r i n t  o u t  t h e  c o r r e s p o n d i n g  number  o f  e l e m e n t s ,  t h e  
e l e m e n t  t y p e ,  t h e  c i r c u i t  d a t a  ( t y p e  and  i n d e x  number  o f  e a c h  t e r m i n a l ) ,  
a n d  t h e  p a r a m e t e r  v a l u e s  o f  e a c h  c i r c u i t  e l e m e n t .  R e f e r r i n g  t o  F i g .  2 9 ,  
l e t  u s  d e s c r i b e  e a c h  t a s k  s e p a r a t e l y .  
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a .  Number o f  C i r c u i t  E l e m e n t s  
The  number  o f  t h e  c i r c u i t  e l e m e n t s  o f  e a c h  o f  t h e  e i g h t  e l e m e n t  
t y p e s ,  which  i s  d e n o t e d  i n  F i g .  29 by  NCE f o r  t h e  s a k e  o f  g e n e r a l i t y ,  i s  
r e a d  i n  f i r s t .  I f  NCE 0 ( i . e . ,  no e l e m e n t  o f  a  g i v e n  t y p e ) ,  t h e n  t h e r e  
i s  a  RETURN f rom t h e  s u b r o u t i n e .  On t h e  o t h e r  h a n d ,  i f  NCE e x c e e d s  t h e  
maximum a l l o w e d  number o f  e l e m e n t s ,  NCEmax,  t h e n  a  m e s s a g e  i s  p r i n t e d  
o u t  t o  t h i s  e f f e c t ,  and  t h e  r u n  i s  t e r m i n a t e d  by c a l l i n g  EXIT. The  v a l u e s  
o f  NCEmax i n  MTRAC a r e  l i s t e d  i n  T a b l e  I V .  
T a b l e  I V  
MAXIMUM NUMBER OF CIRCUIT ELEMENTS 
b.  C i r c u i t  Element  T y p e s  
C e r t a i n  c i r c u i t  e l e m e n t s  may h a v e  d i f f e r e n t  t y p e s .  T h e s e  a r e  
l i s t e d  i n  T a b l e  V t o g e t h e r  w i t h  t h e  v a l u e s  o f  t h e  c o r r e s p o n d i n g  i n d i c a t o r s  
i n  MTRAC. 
NCEmax 
2 0 
40 
20 
20 
2 0 
20 
20 
20 
10  
CIRCUIT ELEhlENT 
C u r r e n t  o r  f l o a t i n g - v o l t a g e  s o u r c e s  
R e s i s t o r s  
C a p a c i t o r s  
I n d u c t o r s  
Zener  d i o d e s  
Diodes  
T r a n s i s t o r s  
C o r e s  
Windings o f  e a c h  c o r e  
c .  T y p e s  and  I n d e x  Numbers  o f  T e r m i n a l s  
The  t y p e s  a n d  i n d e x  numbers  o f  e a c h  t e r m i n a l  a r e  r e a d  i n ,  
u s i n g  a l p h a n u m e r i c  b l a n k ,  S ,  o r  G t o  d e s i g n a t e  a  f l o a t i n g  t e r m i n a l ,  a  
t e r m i n a l  t i e d  t o  a  v o l t a g e  s o u r c e ,  o r  a  t e r m i n a l  t i e d  t o  g r o u n d ,  r e s p e c -  
t i v e l y .  R e f e r r i n g  t o  F i g .  1 ,  T e r m i n a l - a  d a t a  a r e  r e a d  i n  f i r s t  and 
T e r m i n a l - b  d a t a  a r e  r e a d  i n  s e c o n d ,  w h e r e  a - t o - b  i s  r e f e r r e d  t o  a s  t h e  
p o s i t i v e  d i r e c t i o n  o f  t h e  d e v i c e  c u r r e n t .  T h i s  d i r e c t i o n  i s  a r b i t r a r y  
f o r  a  r e s i s t o r ,  a  c a p a c i t o r ,  and an i n d u c t o r ,  b u t  i s  f i x e d  f o r  t h e  r e -  
m a i n i n g  c i r c u i t  e l e m e n t s .  The  o r d e r  i n  which t h e  t e r m i n a l  d a t a  a r e  r e a d  
i s  l i s t e d  i n  T a b l e  V I .  
SUBROUTINE 
NAME 
R\VIVS 
R\VRES 
R\\CAP 
RIVIND 
RWZEN 
R\VDIOD 
RWTRAh' 
R\VCORE 
NCE 
NAME 
NIV 
NR 
NC 
NL 
NZEN 
NDIODE 
NTRANS 
NCORE 
N\V(N) 
T a b l e  V 
CIRCUIT-ELEMENT TYPES 
Table VI 
ORDER OF TERMINAL DATA 
(1) Current source 
(2) Floating-voltage source 
K3(N) = No. of 
variable source 
(1) Constant (linear) 
(2) Time variable (nonlinear) 
Transistors 
PARIN = PHIF 
TYPE (N) = A ;  B ;  C ;  
Anode - Cathode 
Anode - Cathode 
Core windin 
Material 
d. P a r a m e t e r  V a l u e s  
F i n a l l y ,  t h e  d a t a  o f  t h e  c i r c u i t - e l e m e n t  p a r a m e t e r s  a r e  r e a d  i n .  
T h e s e  p a r a m e t e r s  a r e  l i s t e d  i n  T a b l e  V I I .  
(1) Ferrite 
(2) Tape-wound metal 
2 .  Comput a t i o n  C i r c u i  t - E l e m e n t  S u b r o u t i n e s  
or G 
CORMAT(N) = F 
CORMAT(N1 = T 
T h e  e i g h t  c o m p u t a t i o n  c i r c u i t -  e l e m e n t  s u b r o u t i n e s  a r e  l i s t e d  i n  
T a b l e  111. T h e s e  s u b r o u t i n e s  a r e  c a l l e d  a t  e a c h  i t e r a t i o n  by a  c e n t r a l  
s u b r o u t i n e  named ELEM. A g e n e r a l  f u n c t i o n a l  f l o w  c h a r t  f o r  e a c h  o f  t h e  
c i r c u i t - e l e m e n t  s u b r o u t i n e s  i s  shown i n  F i g .  30.  The t a s k s  o f  e a c h  o f  
t h e s e  s u b r o u t i n e s  a r e  t o  f i l l  t h e  H and T a r r a y s  and t o  compute  t h e  
T a b l e  V I I  
INPUT DATA OF CIRCUIT-ELEMENT PARAMETERS 
o f  v a r i a b l e  s o u r c e ) ;  R,. 
R ;  NRP (Number o f  r e s i s t a n c e - u s . - t  p o i n t s ,  
i n c l u d i n g  i n i t i a l ) ;  i f  NRP 3 2, t h e n  
C; RC; RCSH.; i n i t i a l  c u r r e n t  ( o p t i o n a l ) .  
L ( l i n e a r )  o r  LO ( n o n l i n e a r )  ; RL ; RLSH; 
1/IcOn ( b l a n k  i f  l i n e a r ) ;  i n i t i a l  c u r r e n t  
( o p t i o n a l ) .  
Z e n e r  d i o d e  R Z ;  R Z b ;  E z b .  F i g .  1 4 ( c )  
D i o d e  I s d ;  md; R&; Clod; Vqd; Td.  F i g .  1 5 ;  
Eqs .  ( 1 1 7 )  
t h r o u g h  ( 1 2 1 )  ; 
Eq. ( 1 2 8 )  
T r a n s i s t o r  P,,; P i ;  T, ;  T c ;  I s c ;  mc;  C j O c ;  F i g .  1 8  
Vqc; R&; I s e ;  m e ;  C j O e ;  Vqe; R&. 
C o r e  
( 1 )  4F D a t a  n u ;  i n i t i a l  4 / 4 , ;  OD f i n c h ) ;  I D  ( i n c h ) ;  F i g s .  2 3  a n d  
4, ; 4, ; +d ( F )  Type;  c o r e  m a t e r i a l ;  Fd l ;  2  4  
F d z ;  F d 2 ;  F d 3 ;  4 d 2 ;  H a ;  H q ;  ',,; A d ;  v d ;  
Fds ; F g ;  A ;  v ;  F B ;  F O ;  p p ;  F B I ;  FO1; 
pp 1. 
( 2 )  BH D a t a  nu ; i n i t i a l  BIB, ; OD ( i n c h ) ;  ID ( i n c h ) ;  F i g .  25 
(Bin i n  Ain (cm2) ;  B , ,  i n ;  Bd(H) Type ;  c o r e  m a t e r i a l ;  
g a u s s e s ;  H d l , i n ;  Hdz ,  i n ;  H d 2 , i n ;  " d 3 , i n i  H m , i n ;  
Hin i n  B d 2 , i n ;  B d 3 . i n ;  i n i  'dynp' f o r  
o e r s t e d )  j = 1 , 2 ,  . . .  n d y n p :  f ( j )  a n d H O B ( j ) .  
c i r c u i t - e l e m e n t  c u r r e n t s .  A c c o r d i n g l y ,  e a c h  s u b r o u t i n e  c o n s i s t s  o f  two 
m a j o r  p a r t s .  P a r t  (1)  i n  F i g .  30 c o r r e s p o n d s  t o  a  t w o - t e r m i n a l  c i r c u i t  
e l e m e n t ;  f o r  a  t r a n s i s t o r ,  P a r t  (1) i s  s i m i l a r ,  e x c e p t  t h a t  t h e r e  a r e  
f o u r  p o s s i b l e  t e r m i n a l  t y p e s .  L e t  u s  d e s c r i b e  e a c h  p a r t  s e p a r a t e l y ,  a s -  
s u m i n g  f i r s t  a  t r a n s i e n t  s o l u t i o n .  A s o l u t i o n  o f  i n i t i a l  c o n d i t i o n s  w i l l  
b e  d i s c u s s e d  s u b s e q u e n t l y .  F i n a l l y ,  we s h a l l  d e s c r i b e  S u b r o u t i n e  ELEM. 
NONLINEAR ELEMENTS EVERY ITERATION 
LINEAR ELEMENTS AFTER LAST ITERATION 
-- -- 
(I) 
OD 
COMPUTE AND STORE 
PART (1) TA-6408-30 PART (2) 
Figure 30 A GENERAL FLOW CHART FOR A TWO-TERMINAL CIRCUIT-ELEMENT SUBROUTINE 
a .  P a r t  ( 1 )  - F i l l i n g  t h e  H and T A r r a y s  
I n  t h e  b e g i n n i n g  o f  e a c h  i t e r a t i o n ,  t h e  H and T a r r a y s  a r e  
c l e a r e d  ( i .  e . ,  t h e i r  e l e m e n t s  a r e  s e t  t o  z e r o )  by an i n s t r u c t i o n  f rom 
S u b r o u t i n e  ELEM, a n d  a  c o n t r o l  i n d i c a t o r  named IBC i s  s e t  t o  z e r o .  Then 
S u b r o u t i n e  ELEM c a l l s  S u b r o u t i n e  IVS,  a n d  t h e  c o n t r i b u t i o n s  o f  e v e r y  c u r -  
r e n t  o r  f l o a t i n g - v o l t a g e  s o u r c e  t o  t h e  H and T  a r r a y s  a r e  computed  and  
s t o r e d  by e x e c u t i n g  t h e  f i r s t  p a r t  o f  S u b r o u t i n e  IVS. T h i s  i s  t h e n  
r e p e a t e d  f o r  a l l  t h e  r e s i s t o r s ,  c a p a c i t o r s ,  i n d u c t o r s ,  z e n e r  d i o d e s ,  
d i o d e s ,  t r a n s i s t o r s ,  and c o r e s  b y ,  r e s p e c t i v e l y ,  c a l l i n g  S u b r o u t i n e  RES, 
CAP, I N D ,  ZEN, DIOD, TRAN, and  CORE. 
I f  we e x a m i n e  t h e  e x p r e s s i o n s  f o r  AH and  AT o f  c a p a c i t o r s ,  i n -  
d u c t o r s ,  d i o d e s ,  t r a n s i s t o r s ,  a n d  c o r e s  ( s e e  S e c s .  I - B  and  I - C ) ,  we f i n d  
t h a t  c e r t a i n  t e r m s  i n  t h e s e  e x p r e s s i o n s  a r e  c o n s t a n t  f o r  a  g i v e n  At. 
T h e r e f o r e ,  i n  o r d e r  t o  s a v e  c o m p u t a t i o n  t i m e ,  t h e s e  t e r m s  w i l l  b e  com- 
p u t e d  a t  t h e  f i r s t  i t e r a t i o n  o n l y  and s a v e d  f o r  t h e  f o l l o w i n g  i t e r a t i o n s .  
The e n t i r e  e x p r e s s i o n s  f o r  AH and AT o f  a  c a p a c i t o r ,  E q s .  ( 9 6 )  and ( 9 7 ) ,  
and  an i n d u c t o r ,  E q s .  ( 1 0 7 )  and  ( 1 0 8 ) ,  a r e  u n d e r  t h i s  c a t e g o r y .  I n  t h e  
d i o d e  c a s e ,  t h e s e  t e r m s  a , re  e x p r e s s e d  i n  E q s .  ( 1 4 5 )  t h r o u g h  ( 1 4 7 ) ;  t h e s e  
t e r m s  w i l l  b e  c o m p u t e d  o n l y  i f  t h e r e  i s  a  c h a n g e  i n  At. ( I f  t h e  s m a l l  
v a r i a t i o n s  i n  t h e  v a l u e s  o f  C Eq. ( 1 2 8 ) ,  f o r  t h e  d i f f e r e n t  i t e r a t i o n s  
J d '  
w e r e  n e g l e c t e d ,  t h e n  a d d i t i o n a l  t e r m s ,  s u c h  a s  CJ d V d ( i , l  )/At, m i g h t  a l s o  
b e  computed  o n l y  o n c e  e v e r y  At.) C o n s t a n t  t e r m s  f o r  a  t r a n s i s t o r ,  
Eqs. ( 1 9 3 )  t h r o u g h  ( 1 9 8 ) ,  a r e  s i m i l a r l y  computed  a t  t h e  f i r s t  i t e r a t i o n  
o n l y  i f  t h e r e  i s  a  c h a n g e  i n  t h e  v a l u e  o f  At. I n  t h e  c a s e  o f  a  s q u a r e -  
l o o p  c o r e ,  t e r m s  t h a t  a r e  c o n s t a n t  f o r  a  g i v e n  At a r e  # E  and #:, 
E q s .  ( 2 5 3 )  and  ( 2 5 4 ) .  No s u c h  p r e l i m i n a r y  c o m p u t a t i o n  i s  n e e d e d  f o r  
s o u r c e s ,  r e s i s t o r s ,  and  z e n e r  d i o d e s ,  a s  i s  i n d i c a t e d  by t h e  d a s h e d  l i n e  
i n  P a r t  ( 1 )  o f  F i g .  30 .  
We h a v e  s e e n  i n  S e c .  I - A - 2  t h a t  t h r e e  c a s e s  a r e  d i s t i n g u i s h e d  
f o r  a  t w o - t e r m i n a l  c i r c u i t  e l e m e n t .  A c c o r d i n g l y ,  t h e  t e r m i n a l s '  t y p e  
i s  t e s t e d  n e x t .  I f  b o t h  V ,  and V b  a r e  unknown v o l t a g e s ,  t h e n  AH,, , 
A H n b  J AT,, AH, b ,  AHb ,, and  ATb a r e  computed  from E q s .  ( I ? ) ,  ( 1 8 ) ,  ( 1 9 ) ,  
( 2 3 ) ,  ( 2 4 ) ,  and  ( 2 5 ) ,  r e s p e c t i v e l y ,  and s t o r e d  i n  t h e  c o r r e s p o n d i n g  
l o c a t i o n s  i n  t h e  H a n d  T . a r r a y s .  I f  no more t h a n  o n e  c i r c u i t  e l e m e n t  i s  
c o n n e c t e d  a c r o s s  Nodes  a and  b ,  t h e n  AHab = Ha, and AHb, = H,,. I f  V b  
i s  known ( s o u r c e  o r  g r o u n d ) ,  t h e n  o n l y  AH,, and  ATa, E q s .  ( 2 8 )  and ( 2 9 ) ,  
a r e  computed  and  s t o r e d .  F i n a l l y ,  i f  V, i s  known ( s o u r c e  o r  g r o u n d ) ,  
t h e n  o n l y  AHb and  A T b ,  E q s .  ( 3 2 )  and  ( 3 3 ) ,  a r e  computed  and  s t o r e d .  
T h e  f l o w  c h a r t  f o r  P a r t  ( 1 )  o f  t h e  t r a n s i s t o r  s u b r o u t i n e  TRAN i s  s i m i l a r  
t o  t h e  o n e  i n  F i g .  3 0 ,  e x c e p t  t h a t  t h e r e  a r e  f o u r  t e r m i n a l  t y p e s  t o  
c h o o s e  from ( s e e  F i g .  6 ) .  
T h e  e x p r e s s i o n s  f o r  AH and  AT a p p e a r i n g  i n  E q s .  ( 1 7 )  t h r o u g h  
( 3 3 )  a r e ,  o f  c o u r s e ,  d i f f e r e n t  f o r  e a c h  c i r c u i t  e l e m e n t .  T h e s e  e x p r e s -  
s i o n s  a r e  g i v e n  i n  t h e  f o l l o w i n g  e q u a t i o n s :  
C u r r e n t  s o u r c e  E q s .  ( 7 3 )  and  ( 7 4 )  
V o l t a g e  s o u r c e  E q s .  ( 8 3 )  and ( 8 4 )  
R e s i s t o r  E q s .  ( 7 6 )  t h r o u g h  ( 7 8 )  
C a p a c i t o r  Eqs .  ( 8 8 )  t h r o u g h  ( 9 7 )  
I n d u c t o r  Eqs .  ( 1 0 2 )  t h r o u g h  ( 1 1 0 )  
Z e n e r  d i o d e  Eqs .  ( 1 1 4 )  and ( 1 1 5 )  
D i o d e  Eqs .  ( 1 4 1 )  t h r o u g h  ( 1 5 2 )  
T r a n s i s t o r  Eqs .  ( 1 8 3 )  t h r o u g h  ( 2 1 2 )  
E q s .  ( 2 1 9 )  t h r o u g h  ( 2 3 6 ) ,  
( 2 4 0 )  t h r o u g h  ( 2 6 3 ) ,  a n d  
( 2 7 0 )  t h r o u g h  ( 309)  . 
b .  P a r t  ( 2 )  - C o m p u t a t i o n  o f  C u r r e n t s  and  C o n v e r g e n c e  
A f t e r  r e t u r n i n g  f rom P a r t  ( 1 )  o f  t h e  l a s t  c i r c u i t - e l e m e n t  s u b -  
r o u t i n e  (CORE), t h e  main p r o g r a m  c a l l s  a  m a t r i x - e q u a t i o n  s u b r o u t i n e ,  
named SEQSOL, which  s o l v e s  V ]  = T ] / [ H ] .  S u b r o u t i n e  ELEM now s e t s  IBC 
t o  1 a n d  a  c o n v e r g e n c e  i n d i c a t o r  named ABC t o  -1, and c a l l s  P a r t  ( 2 )  o f  
e a c h  c i r c u i t - e l e m e n t  s u b r o u t i n e ,  whose f l o w  c h a r t  i s  a l s o  shown i n  
F i g .  3 0 .  H e r e ,  t h e  e l e m e n t  s u b r o u t i n e s  a r e  c l a s s i f i e d  i n t o  two g r o u p s ,  
d e p e n d i n g  on w h e t h e r  t h e  c i r c u i t  e l e m e n t  i s  l i n e a r  o r  n o n l i n e a r .  
The l i n e a r -  e l e m e n t  s u b r o u t i n e s  a r e  IVS,  RES, CAP, IND, a n d  
ZEN ( a  Zener  d i o d e  i s  t r e a t e d  a s  a  p i e c e w i s e - l i n e a r  e l e m e n t  i n  a  w i d e  
r a n g e  o f  v o l t a g e ,  a n d  h e n c e  i s  i n c l u d e d  i n  t h e  l i n e a r  g r o u p ;  a  non-  
l i n e a r  i n d u c t o r  i s  p i e c e w i s e  l i n e a r i z e d  e v e r y  t i m e  s t e p ) .  I n  e a c h  o f  
t h e s e  s u b r o u t i n e s ,  t h e  c u r r e n t s  a r e  computed  a t  t h e  end  o f  t h e  l a s t  
i t e r a t i o n ,  i .  e . ,  a f t e r  c o n v e r g e n c e  h a s  b e e n  a c h i e v e d .  
A t  e v e r y  i t e r a t i o n ,  S u b r o u t i n e  ELEM c a l l s  P a r t s  ( 2 )  o f  t h e  
n o n l i n e a r - e l e m e n t  s u b r o u t i n e s  (DIOD, TRAN, and CORE), w h e r e  t h e  c u r r e n t  
o f  e v e r y  d i o d e ,  t r a n s i s t o r  j u n c t i o n ,  and  c o r e  w i n d i n g  i s  computed  and 
t e s t e d  f o r  c o n v e r g e n c e .  I f  t h e  c u r r e n t  o f  a t  l e a s t  o n e  n o n l i n e a r  c i r -  
c u i t  e l e m e n t  h a s  n o t  c o n v e r g e d ,  t h e n  ABC i s  s e t  t o  1,  t h e  c o r r e s p o n d i n g  
c u r r e n t  o r  v o l t a g e  v a l u e s  a r e  c o r r e c t e d ,  a n d  S u b r o u t i n e  ELEM b e g i n s  a  
new i t e r a t i o n  by s e t t i n g  IBC = 0  and c a l l i n g  P a r t  (1) o f  e v e r y  c i r c u i t -  
e l e m e n t  s u b r o u t i n e .  When c o n v e r g e n c e  i s  f i n a l l y  a c h i e v e d ,  S u b r o u t i n e  ELEM 
c a l l s  P a r t s  ( 2 )  o f  t h e  l i n e a r - e l e m e n t  s u b r o u t i n e s  ( I V S ,  RES, CAP, IND, 
a n d  ZEN), w h e r e  t h e  c o r r e s p o n d i n g  c u r r e n t s  a r e  computed .  
L e t  u s  now e x a m i n e  t h e  c o n v e r g e n c e  p r o c e d u r e ,  b e g i n n i n g  w i t h  
t h e  d i o d e  and r e f e r r i n g  t o  F i g .  1 7 .  Assuming t h a t  R ,  = 0, t h e n  V, i s  
computed  a s  a  d i f f e r e n c e  b e t w e e n  t h e  d i o d e  n o d a l  v o l t a g e s .  F o r  e a c h  
d i o d e ,  an a p p r o x i m a t e  v a l u e  o f  i f d  i s  computed  f rom Eq. ( 1 2 3 )  and com- 
p a r e d  w i t h  I,, [exp  ( V d / O m d )  - 11, Eq. ( 1 1 7 ) .  I f  t h e  d i f f e r e n c e  b e t w e e n  
t h e  two c u r r e n t  v a l u e s  i s  more  t h a n  10 p e r c e n t  o f  t h e  l a t t e r ,  t h e n  con-  
v e r g e n c e  h a s  n o t  b e e n  a c h i e v e d ;  i n  t h i s  c a s e ,  ABC i s  s e t  t o  1 and t h e  
v a l u e s  o f  V ,  a n d  s a r e  c o r r e c t e d  on t h e  b a s i s  o f  E q s .  ( 1 2 0 )  and ( 1 2 4 ) ,  
r e s p e c t i v e l y .  S e e  F i g .  1 6 .  T h e  p r e v i o u s  v a l u e s  o f  i f d ,  V, ,  and  s o f  a  
g i v e n  d i o d e  r e m a i n  f i x e d  a s  l o n g  a s  t h e  c o n v e r g e n c e  c r i t e r i o n  f o r  t h a t  
d i o d e  i s  s a t i s f i e d .  
A  c o m p u t a t i o n  s i m i l a r  t o  t h e  a b o v e  i s  p e r f o r m e d  f o r  t h e  b a s e -  
c o l l e c t o r  and b a s e - e m i t t e r  j u n c t i o n s  o f  e a c h  t r a n s i s t o r .  
T h e  c u r r e n t  i o f  e a c h  c o r e  w i n d i n g  i s  computed  f rom E q s .  ( 2 1 8 )  
t h r o u g h  ( 2 2 0 ) ,  which  i n c l u d e  t h e  Newton-Raphson  c o n v e r g e n c e  m e t h o d .  
T h e  l a t t e r  i s  now m o d i f i e d  i f  t h e  s i g n  o f  ( i  - i,-l,) i s  o p p o s i t e  t o  
. . 
t h e  s i g n  o f  ( i < - l >  - L < - ~ > )  ( i .  e . ,  i i s  o s c i l l a t o r y )  i n  o r d e r  t o  s p e e d  
up t h e  c o n v e r g e n c e .  T h i s  m o d i f i c a t i o n  may b e  p e r f o r m e d  i n  o n e  o f  two 
ways:  
( 1 )  E v e r y  o t h e r  i t e r a t i o n ,  i i s  c o r r e c t e d  on t h e  
b a s i s  o f  A i t k e n '  s f o r m u l a 2 '  
( 2 )  E v e r y  i t e r a t i o n ,  i i s  c o r r e c t e d  on t h e  b a s i s  o f  
t h e  s i m p l e  f o r m u l a 3 -  
A l t h o u g h  o u r  e x p e r i e n c e  s o  f a r  h a s  n o t  shown w h i c h  f o r m u l a  i s  s u p e r i o r ,  
Eq. ( 3 6 2 )  w i l l  n o r m a l l y  b e  u s e d  b e c a u s e  i t  i s  more p o w e r f u l .  However ,  
t h e  u s e r  may c h o o s e  t o  u s e  Eq. ( 3 6 3 )  i n s t e a d .  T h e  v a l u e  o f  i ,  w h e t h e r  
c o r r e c t e d  by o n e  o f  t h e  a b o v e  f o r m u l a s  o r  n o t ,  i s  t h e n  compared  w i t h  
i < - l > .  C o n v e r g e n c e  i s  a c h i e v e d  i f  
w h e r e  E~~~ and cabs a r e  t h e  r e l a t i v e  and  a b s o l u t e  e r r o r s ,  r e s p e c t i v e l y  
( f o r  e x a m p l e ,  e r e l  - and  E~~~ = a m p e r e ) .  I f  c o n v e r g e n c e  i s  n o t  
a c h i e v e d  f o r  any  w i n d i n g  c u r r e n t ,  t h e n  ABC i s  s e t  t o  1. I f  c o n v e r g e n c e  
o f  a  g i v e n  w i n d i n g  c u r r e n t  i s  a c h i e v e d ,  t h e n ,  i n  o r d e r  t o  c u t  down t h e  
number o f  i t e r a t i o n s ,  i i s  m o d i f i e d  a c c o r d i n g  t o  
w h e r e  l p l  i s  a  f a c t o r  v a r y i n g  f rom 0  t o  1 ,  and  i s  s p e c i f i e d  by t h e  u s e r .  
I f  p  = 0 ,  t h e n  i ( n e , , )  = i ( i  e . ,  no m o d i f i c a t i o n ) ,  b u t  i f  = 1 ,  t h e n  
. - i ( n e w )  = t C - l >  ( i . e . ,  t h e  c h a n g e  i n  i a t  t h e  l a s t  i t e r a t i o n  i s  d i s r e g a r d e d ) .  
F u r t h e r m o r e ,  i f  Eq. ( 3 6 3 )  i s  t o  b e  u s e d  i n s t e a d  o f  Eq.  ( 3 6 2 ) ,  t h e n  a  n e g a -  
t i v e  p  w i l l  b e  s p e c i f i e d .  ( I f ,  i n  a d d i t m i o n ,  p s h o u l d  b e  z e r o ,  t h e n  p  
will b e  s e t  t o  a  s m a l l  v a l u e ,  e .  g . ,  p  = - 1 . 0  . ) 
c .  P a r t s  (1)  a n d  ( 2 )  f o r  S o l u t i o n  o f  I n i t i a l  C o n d i t i o n s  
P a r t s  ( 1 )  and  ( 2 )  o f  S u b r o u t i n e s  IVS,  RES, and  ZEN f o r  e i t h e r  
a  t r a n s i e n t  s o l u t i o n  o r  a  s o l u t i o n  o f  i n i t i a l  c o n d i t i o n s  a r e  i d e n t i c a l .  
On t h e  o t h e r  h a n d ,  t h e  p r e s e n c e  o f  A t  i n  t h e  t r a n s i e n t - s o l u t i o n  e x p r e s -  
s i o n s  f o r  a n d  AT o f  t h e  r e m a i n i n g  c i r c u i t  e l e m e n t s  r e q u i r e s  m o d i f i c a -  
t i o n s  o f  P a r t s  (1) and  ( 2 )  when s o l v i n g  f o r  i n i t i a l  c o n d i t i o n s .  H e r e  we 
d i s t i n g u i s h  b e t w e e n  c a p a c i t i v e  e l e m e n t s  and  i n d u c t i v e  e l e m e n t s .  
The  c a p a c i t i v e  c i r c u i t  e l e m e n t s  i n c l u d e  c a p a c i t o r s ,  d i o d e s ,  and 
t r a n s i s t o r s .  I n  an i n i t i a l  d c  s t a t e ,  t h e  c a p a c i t a n c e  i s  c h a r a c t e r i z e d  by 
no c u r r e n t  f l o w ,  and t h u s ,  f o l l o w i n g  Eq. ( 9 7 ) ,  t h e  c o r r e s p o n d i n g  AH and  
AT s h o u l d  b o t h  b e  z e r o  i f  R C s H  = ( s e e  F i g .  1 2 ) .  R e f e r r i n g  t o  E q s .  ( 8 8 )  
t h r o u g h  ( 9 7 )  f o r  a  c a p a c i t o r ,  w e  o b s e r v e  t h a t ,  s i n c e  i a b ( - l )  = 0 ,  t h i s  
c a n  b e  a c h i e v e d  by s i m p l y  l e t t i n g  At  - a. I n  MTRAC, t h i s  c o n d i t i o n  i s  
s i m u l a t e d  by l e t t i n g  A t  = l o 2 '  when s o l v i n g  f o r  t h e  i n i t i a l  c o n d i t i o n s .  
R e f e r r i n g  t o  F i g .  1 5 ,  a  s t a t i c  d i o d e  model i s  s i m i l a r l y  a c h i e v e d  by e l i m -  
i n a t i n g  b o t h  t h e  j u n c t i o n  c a p a c i t a n c e  C I d  and t h e  d i f f u s i o n  c a p a c i t a n c e  
r e p r e s e n t e d  by t h e  c u r r e n t  s o u r c e  T d ( d i f d / d t )  R e f e r r i n g  t o  E q s .  ( 1 3 1 )  
and ( 1 3 2 ) ,  t h i s  c o n d i t i o n ,  t o o ,  i s  a c h i e v e d  by l e t t i n g  At  = 10". A s im-  
i l a r  c o n d i t i o n  i s  a c h i e v e d  f o r  e a c h  j u n c t i o n  o f  e v e r y  t r a n s i s t o r .  [ c f .  
E q s .  ( 1 5 6 )  t h r o u g h  ( 1 6 7 ) l .  
L e t  u s  now c o n s i d e r  t h e  i n i t i a l  c o n d i t i o n s  o f  i n d u c t i v e  e l e m e n t s  
( i n d u c t o r s  a n d  c o r e s ) .  Two c a s e s  a r e  d i s t i n g u i s h e d  f o r  an i n d u c t o r :  
F i r s t ,  a  dc  c a s e  i n  w h i c h  i - iL i s  s o l v e d  f o r .  R e f e r r i n g  t o  
F i g .  1 3 ,  i n  t h i s  c a s e  d i l / d t  = 0 ,  and  an i n d u c t o r  model i s  r e d u c e d  t o  a  
s i m p l e  r e s i s t o r ,  R = R L .  T h e r e f o r e ,  f o l l o w i n g  E q s .  ( 7 6 )  and  ( 7 7 ) ,  
AH = l / R L  and  AT = 0 .  A f t e r  t h e  s o l u t i o n  o f  t h e  i n i t i a l  c o n d i t i o n  h a s  
c o n v e r g e d ,  t h e  i n i t i a l  c u r r e n t  t h r o u g h  t h e  i n d u c t o r  i s  c o m p u t e d ,  u s i n g  
Eq. ( 7 5 ) ,  i .  e . ,  z~ ' = (Va - V b ) / R L .  
S e c o n d ,  a  d c  c a s e  i n  which  t h e  i n i t i a l  v a l u e  o f  iL i s  g i v e n .  
T h i s  c a s e  may o c c u r  when e i t h e r  t h e  i n i t i a l  c u r r e n t ,  i L o ,  i s  known t o  
t h e  u s e r  [ a  v a r i a b l e  INCIL(N) o f  t h e  N t h  i n d u c t o r  i s  t h e n  s e t  t o  1 a n d  
and  iL  i s  s e t  e q u a l  t o  t h e  r e a d - i n  v a l u e  o f  i L o ]  o r  when t h e  i n i t i a l  c u r -  
r e n t  i s  e q u a l  t o  t h e  f i n a l  c u r r e n t  s o l v e d  a t  a  p r e v i o u s  mode o f  o p e r a t i o n  
( a  v a r i a b l e  NSVIL i s  t h e n  s e t  t o  1,  a n d  iL  o f  e v e r y  i n d u c t o r  i s  s a v e d  
f rom t h e  p r e v i o u s  mode) .  I n  t h i s  c a s e ,  t h e  i n d u c t o r  i s  r e p r e s e n t e d  by a  
c u r r e n t  s o u r c e ,  i s  = i L .  T h e r e f o r e ,  f o l l o w i n g  E q s .  ( 7 3 )  and  ( 7 4 ) ,  
AH = 0  and AT = - i L .  Both  c a s e s  a r e  t r e a t e d  i n  a  s p e c i a l  p a r t  f o r  s o l u -  
t i o n  o f  i n i t i a l  c o n d i t i o n s  i n  S u b r o u t i n e  I N C .  
. . 
C o n s i d e r  now a  m a g n e t i c  c o r e  i n  a  s t a t i c  s t a t e .  S i n c e  @ = 0 ,  
e a c h  j t h  c o r e  w i n d i n g  i s  r e p r e s e n t e d  by a  s i m p l e  r e s i s t o r ,  R = R  . ,  w h e r e  
R o j  i s  t h e  i n h e r e n t  w i n d i n g  r e s i s t a n c e  o f  t h e  j t h  w i n d i n g ,  F i g .  1 9 .  
T h e r e f o r e ,  AH, = l / R w j  and  ATj = 0 a n d ,  a f t e r  c o n v e r g e n c e  h a s  b e e n  a c h i e v e d ,  
t h e  j t h ,  i n i t i a l  c u r r e n t  i s  computed  f rom t h e  r e l a t i o n  i - = (V,  - V b ) / R , ,  . 
I 
F u r t h e r m o r e ,  t h e  i n i t i a l  MMF o f  e a c h  c o r e  i s  a l s o  c o m p u t e d ,  u s i n g  t h e  
r e l a t i o n  F = 2 N ,  i l  . 
j 
d .  S u b r o u t i n e  ELEM 
S u b r o u t i n e  ELEM ( l i s t e d  o n  p p .  1 6 0 - 1 6 1  o f  V o l .  1 1 )  h a s  two 
m a j o r  f u n c t i o n s :  
( 1 )  A l t e r n a t e l y  c a l l i n g  P a r t s  ( 1 )  a n d  ( 2 )  o f  e a c h  o f  t h e  
c i r c u i t - e l e m e n t  s u b r o u t , i n e s  e v e r y  i t e r a t i o n ,  a n d  
( 2 )  C o n t r o l l i n g  t h e  m e a n s  o f  c o n v e r g e n c e  by 
( a )  A d j u s t i n g  t h e  m a g n i t u d e  0.f At 
( b )  A d j u s t i n g  t h e  maximum number  o f  i t e r a t i o n s  
( c )  R e s e t t i n g  t i m e ,  n o d a l  v o l t a g e s ,  a n d  i t e r a -  
t i o n  c o u n t  t o  t h e i r  i n i t i a l  v a l u e s  ( a t  t h e  
b e g i n n i n g  o f  t h e  f i r s t  i t e r a t i o p )  i f  t h e  
number  o f  i t e r a t i o n s  e x c e e d s  i t s  maximum 
v a l u e .  
B e f o r e  d e s c r i b i n g  S u b r o u t i n e  ELEM, l e t  u s  d e f i n e  e l e v e n  v a r i a b l e s  
i n  t h i s  s u b r o u t i n e :  
ABC C o n v e r g e n c e  i n d i c a t o r :  
1 - C o n v e r g e n c e  h a s  n o t  b e e n  a c h i e v e d ;  0 - o t h e r w i s e .  
I EC D i r e c t i o n  i n d i c a t o r  i n  a  c  i r c u i t -  e l e m e n t  s u b r o u t i n e :  
0  - t o  P a r t  (1)  ( f i l l i n g  t h e  H and  T a r r a y s ) ;  
1 - t o  P a r t  ( 2 )  ( c o m p u t i n g  c u r r e n t s  a n d . ,  i f  t h e  e l e m e n t  
i s  n o n l i n e a r ,  t e s t i n g  c o n v e r g e n c e ) .  
ITRMAX The  maximum number  o f  i t e r a t i o n s  a b o v e  w h i c h  At  i s  c u t  by  
a  f a c t o r  o f  4  a n d  t h e  i t e r a t i v e  c o m p u t a t i o n  i s  r e s t a r t e d  
by r e s e t t i n g  t h e  n o d a l  v o l t a g e s  a n d  o t h e r  v a r i a b l e s  t o  
t h e i r  i n i t i a l  v a l u e s  a t  t h e  f i r s t  i t e r a t i o n .  
ITRTST T h e  number  o f  i t e r a t i o n s  ( a t  t h e  p r e v i o u s  t i m e  s t e p )  a b o v e  
w h i c h  At i s  h a l v e d  a n d  b e l o w  which  At i s  d o u b l e d  ( p r o v i d e d  
t h a t  At d o e s  n o t  e x c e e d  i t s  maximum v a l u e ,  T I ,  w h i c h  i s  
s p e c i f i e d  by  t h e  u s e r ) .  
KFAIL T h e  number  o f  v a r i a b l e  r e s e t t i n g s  ( a n d  At c u t t i n g  by a  
f a c t o r  o f  4 )  w i t h o u t  s u c c e e d i n g  t o  c o n v e r g e ,  u s i n g  a  
f i x e d  ITRMAX v a l u e .  
KFMAX T h e  maximum v a l u e  o f  KFAIL a b o v e  w h i c h  ITFMAX i s  d o u b l e d .  
KONVRG T h e  number  o f  t i m e s  c o n v e r g e n c e  h a s  b e e n  a c h i e v e d  w i t h i n  
l e s s  t h a n  ITRTST i t e r a t i o n s .  
NITER T h e  number  o f  i t e r a t i o n s .  
MAXMIN T h e  minimum ( a n d  i n i t i a l )  v a l u e  o f  ITRMAX. 
NDELT I n d e x  number  o f  t h e  t i m e  s t e p  A t .  
T I  The  maximum v a l u e  o f  At ( s p e c i f i e d  b y  t h e  u s e r ) .  
A f u n c t i o n a l  f l o w  c h a r t  o f  S u b ~ o u t i n e  ELEM i s  shown i n  F i g .  3 1  
T h i s  s u b r o u t i n e  i s  c a l l e d  by t h e  main  p r o g r a m  t w i c e  e v e r y  i t e r a t i o n ,  a n d  
p e r f o r m s  t h e  f o l l o w i n g  t a s k s :  
F i r s t ,  t h e  H and  T a r r a y s  a r e  c l e a r e d  a n d  t h e n  f i l l e d  by c a l l i n g  
a  s u b r o u t i n e  named AUX(K) ( w i t h  K = 0 )  and  a l l  t h e  c i r c u i t -  e l e m e n t  s u b -  
r o u t i n e s .  S u b r o u t i n e  AUX(K) i s  w r i t t e n  by t h e  u s e r  i n  t h e  FORTRAN-IV 
l a n g u a g e  and c o n s t i t u t e s  a  s o u r c e  d e c k .  T h i s  a l l o w s  t h e  u s e r  t o  m o d i f y  
P a r t  (I) o f  any  e l e m e n t  ( i n  which  c a s e ,  K = 0 )  a n d / o r  t o  d e f i n e  any aux-  
i l i a r y  o u t p u t  v a r i a b l e  t o  b e  computed  a f t e r  c o n v e r g e n c e  h a s  b e e n  a c h i e v e d  
i n  P a r t  ( 2 )  ( i n  w h i c h  c a s e ,  K = 1 ) .  
S e c o n d . ,  t h e  c u r r e n t  o f  e v e r y  d i o d e ,  t r a n s i s t o r  j u n c t i o n ,  a n d  
c o r e  w i n d i n g  i s  computed  a n d  t e s t e d  f o r  c o n v e r g e n c e  by c a l l i n g  P a r t s  ( 2 )  
o f  S u b r o u t i n e s  DIOD, TRAN, and CORE. The  i t e r a t i v e  t r a n s i e n t  s o l u t i o n  
i s  c o n t r o l l e d  a u t o m a t i c a l l y  by v a r y i n g  At a n d  t h e  maximum number o f  i t e r a -  
t i o n s  i n  a  m a n n e r  d e s c r i b e d  a s  f o l l o w s .  
R e f e r  t o  F i g .  3 1 .  I n i t i a l l y ,  ITRMAX i s  s e t  e q u a l  t o  MAXMIN 
( e . g . ,  2 0 ) ,  w h i c h  may b e  s p e c i f i e d  by t h e  u s e r .  I f  c o n v e r g e n c e  i s  n o t  
a c h i e v e d  w i t h i n  ITRMAX i t e r a t i o n s ,  t h e n  KFAIL i s  i n c r e a s e d  by o n e  a n d  
t h e r e  a r e  two p o s s i b i l i t i e s ,  d e p e n d i n g  on KFAIL: 
( 1 )  I f  KFAIL i s  s m a l l e r  t h a n  KFMAX ( e . g . ,  3 ) ,  t h e n  
At i s  c u t  by a  f a c t o r  o f  4 ,  and  t h e  i t e r a t i v e  
c o m p u t a t i o n  i s  r e s t a r t e d  by r e s e t t i n g  t h e  t i m e  
a n d  a l l  t h e  p e r t i n e n t  v a r i a b l e s  t o  t h e i r  i n i t i a l  
v a l u e s  a t  t h e  f i r s t  i t e r a t i o n .  
( 2 )  I f  KFAIL r e a c h e s  KFMAX, t h e n  t h e  u p p e r  l i m i t  o f  
i t e r a t i o n s ,  ITRMAX, i s  d o u b l e d ,  KFAIL i s  r e s e t  
t o  z e r o ,  and  t h e  a b o v e  i t e r a t i v e  p r o c e s s  i s  
r e p e a t e d .  
I f  c o n v e r g e n c e  i s  a c h i e v e d ,  t h e n  t h e  f o l l o w i n g  s t e p s  a r e  f o l l o w e d :  
( 1 )  S u b r o u t i n e s  IVS, RES, CAP, IND, and  ZEN a r e  c a l l e d  
i n  o r d e r  t o  compute  t h e  c o r r e s p o n d i n g  d e v i c e  c u r -  
r e n t s ,  and  S u b r o u t i n e  AUX(1) i s  c a l l e d  i n  o r d e r  t o  s e t  
o r  c o m p u t e  t h e  a u x i l i a r y  v a r i a b l e s  ( e .  g . ,  v o l t a g e  
d i f f e r e n c e s ,  c i r c u i t -  e l e m e n t  c u r r e n t s ,  F,  q ,  and 
$ o f  c o r e s ,  o r  any l e g i t i m a t e  f u n c t i o n  d e f i n e d  by 
t h e  u s e r ) .  
( 2 )  U p d a t i n g  At ( -  , )=  At ,-, ,, At ,-,  = A t ,  and a d d i n g  
1 t o  NDELT. 
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CUT At BY A FACTOR OF 4 AND 
RESET TIME; Vi = Vi,-,, FOR EACH NODE; 
NITER = 0 
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( 3 )  T h e  v a l u e  o f  At f o r  t h e  f o l l o w i n g  t i m e  s t e p  may 
b e  c h a n g e d  a c c o r d i n g  t o  t h e  number  o f  i t e r a t i o n s ,  
NITER, c o r r e s p o n d i n g  t o  t h e  p r e v i o u s  c o n v e r g e n c e :  
( a )  I f  NITER > ITRTST, t h e n  a c h i e v i n g  c o n v e r -  
g e n c e  i s  r e g a r d e d  " h a r d " ,  a n d  At i s  c u t  by 
a f a c t o r  o f  2 .  
( b )  I f  NITER = ITRTST, t h e n  t h e r e  i s  n o  c h a n g e  
i n  A t .  
( c )  I f  NITER < ITRTST, t h e n  a c h i e v i n g  c o n v e r -  
g e n c e  i s  r e g a r d e d  " e a s y " ,  a n d  t h e  f o l l o w i n g  
a c t i o n s  a r e  p e r f o r m e d :  
( i )  T h e  t i m e  s t e p  At i s  d o u b l e d ,  p r o v i d e d  
i t  d o e s  n o t  e x c e e d  t h e  maximum v a l u e ,  
T I ,  s p e c i f i e d  by t h e  u s e r .  
( i i )  KFAIL i s  s e t  t o  z e r o  a n d  KONVRG i s  i n -  
c r e a s e d  by 1. I f  t h e  number  o f  s u c c e s -  
s i v e  c o n v e r g e n c e  s u c c e s s e s ,  KONVRG, 
r e a c h e s  KFMAX, t h e n  KONVRG i s  s e t  t o  
z e r o  a n d  ITRMAX i s  c u t  by a  f a c t o r  o f  
2 ,  p r o v i d e d  t h a t  i t  i s  l a r g e r  t h a n  MAXMIN 
T h e  a b o v e  a u t o m a t i c  a d j u s t m e n t  o f  At a n d  ITRMAX d e c r e a s e s  t h e  
t i m e  s t e p  a n d  i n c r e a s e s  t h e  a l l o w e d  number  o f  i t e r a t i o n s  i f  c o n v e r g e n c e  
i s  h a r d  t o  a c h i e v e .  S u b s e q u e n t l y ,  i f  c o n v e r g e n c e  b e c o m e s  e a s y  t o  a c h i e v e ,  
t h e n  At i s  r e s t o r e d  t o  a  l a r g e r  v a l u e  a n d  ITRMAX i s  r e s t o r e d  t o  a  s m a l l e r  
v a l u e .  
3 .  M a g n e t i c -  C o r e  S u b r o u t i n e s  
T h e  READ-WRITE s u b r o u t i n e  a n d  t h e  c o m p u t a t i o n  s u b r o u t i n e  o f  o n e  o f  
t h e  c i r c u i t  e l e m e n t s  w i l l  now b e  g i v e n  a s  an  a x a m p l e .  We c h o o s e  t h e  
m a g n e t i c - c o r e  s u b r o u t i n e s  b e c a u s e  t h e y  a r e  t h e  m a i n  p r o d u c t  o f  t h i s  p r o j -  
e c t  a n d  b e c a u s e  t h e y  a r e  l a r g e r  a n d  m o r e  c o m p l e x  t h a n  t h e  o t h e r  s u b -  
r o u t i n e s .  
M o s t  o f  t h e  v a r i a b l e s  i n  t h e  c o r e  s u b r o u t i n e s  c o r r e s p o n d  p h o n e t i c a l l y  
t o  t h e  v a r i a b l e s  i n  S e c .  I - C .  T h e s e  v a r i a b l e s  a r e  d e f i n e d  i n  S e c .  1 1 - A  
o f  V o l .  I1 o f  t h i s  r e p o r t .  
a .  S u b r o u t i n e s  FWCORE. RWCORF, a n d  RWCORH 
S u b r o u t i n e  RWCORE r e a d s  i n  t h e  number  o f  c o r e s ,  NCORE, a n d  t h e  
k i n d  o f  p a r a m e t e r  i n p u t  d a t a ,  PARIN. I f  NCORE > 0 ,  t h e n  S u b r o u t i n e  
RWCORE c a l l s  o n e  o f  two s u b r o u t i n e s ,  d e p e n d i n g  on  PARIN: 
(1)  I f  PARIN = PHIF o r  b l a n k ,  t h e n  S u b r o u t i n e  
RWCORF i s  c a l l e d  f o r  r e a d i n g  i n  and  P r o c -  
e s s i n g  $ d ( F )  and  +p ( F )  d a t a  ("@F1' d a t a ) ,  
( 2 )  I f  PARIN = BH, t h e n  S u b r o u t i n e  RWCORH i s  
c a l P e d  f o r  r e a d i n g  i n  and  p r o c e s s i n g  
s t a t i c  and  dynamic  B ( H ) - l o o p  d a t a  ( u s u a l l y  
o f  t a p e - w o u n d  c o r e s )  f o u n d  i n  a  manufac-  
t u r e r ' s  c a t a l o g .  
R e f e r r i n g  t o  t h e  l i s t i n g s  o f  S u b r o u t i n e s  RWCORF a n d  RWCORH on  p p .  1 3 7 - 1 5 1  
o f  Volume 11, e a c h  o f  t h e s e  two s u b r o u t i n e s  i s  d e s c r i b e d  b r i e f l y  a s  
f o l l o w s .  
i. S u b r o u t i n e  RWCORF 
F i r s t ,  S u b r o u t i n e  RWCORF r e a d s  i n  g e n e r  a 1  d a t a :  
r e l a t i v e  a n d  a b s o l u t e  e r r o r s  f o r  c o n v e r g e n c e  c r i t e r i a  o f  w i n d i n g  c u r r e n t s ,  
w h e t h e r  o r  n o t  t o  t e r m i n a t e  t h e  r u n  upon c o m p l e t i o n  o f  t h e  f l u x  s w i t c h i n g  
i n  a l l  c o r e s ,  and  w h e t h e r  o r  n o t  t o  i n c l u d e  G E  i n  4. 
I f  4 o f  e a c h  c o r e  i s  s a v e d  f r o m  t h e  p r e v i o u s  mode 
(NSVPHI = I ) ,  t h e n ,  u n l e s s  a l l  v a r i a b l e s  a r e  s a v e d  (NSVAR = 1) o r  t h e  
r u n  i s  c o n t i n u e d  f rom a  p r e v i o u s  t i m e - l i m i t e d  r u n  (KONT = I ) ,  t h e  v a l u e  
o f  t h e  r e m a n e n t  f l u x  i s  computed  by s u b t r a c t i n g  t h e  e l a s t i c  [&t iE]  c o r -  
r e s p o n d i n g  t o  F a t  t h e  e n d  o f  t h e  p r e v i o u s  mode f rom $ i f  F > 0 ,  o r  a d d i n g  
I&,\ t o  q5 i f  F < 0 .  The m a g n i t u d e  o f  t h e  r e s u l t i n g  r e m a n e n t  @ s h o u l d  n o t  
e x c e e d  + r .  ( S e e  Loop 7 7 5 9 ,  i . e . ,  t h e  l o o p  a s s o c i a t e d  w i t h  S t a t e m e n t  
Number 7 7 5 9 .  ) 
N e x t ,  S u b r o u t i n e  RWCORF r e a d s  i n  f o r  e a c h  c o r e  t h e  
number  o f  w i n d i n g s ,  t h e  i n d e x  number  KC1 o f  t h e  c o r e  whose p a r a m e t e r s  
may b e  c o p i e d ,  and  t h e  i n i t i a l  v a l u e  o f  @ / G r .  I f  t h e  number  o f  w i n d i n g s  
i s  z e r o  o r  l a r g e r  t h a n  1 0 ,  t h e n  a  m e s s a g e  t o  t h i s  e f f e c t  i s  p r i n t e d  o u t  
and  t h e  r u n  i s  t e r m i n a t e d .  
The  t y p e s  and i n d e x  numbers  o f  e a c h  c o r e  w i n d i n g  
a r e  t h e n  r e a d  i n  ( s e e  Loop 1 3 ) .  T h i s  i s  f o l l o w e d  by r e a d i n g  i n  t h e  s t a t i c  
and  dynamic  c o r e  p a r a m e t e r s  ( i f  KC1 - < 0 )  o r  c o p y i n g  t h e s e  p a r a m e t e r s  from 
CORE No. KC1 ( i f  KC1 > 0 ) .  
I f  DMAX # 0 ,  t h e n  t h e  w o r s t - c a s e  s i g n s  ESSES(1)  o f  
t h e  2 4  p a r a m e t e r s  o f  e a c h  N t h  c o r e  a r e  r e a d  i n ,  and  t h e  c o r r e s p o n d i n g  i n -  
p u t  p a r a m e t e r s  a r e  m o d i f i e d  a c c o r d i n g l y .  
T h e  a u x i l i a r y  p a r a m e t e r s  p l ( N )  t h r o u g h  p 2 , ( N )  o f  
e a c h  N t h  c o r e  a r e  computed  n e x t .  The  c o m p u t a t i o n  s t e p s  f o l l o w  t h e  p r o c e -  
d u r e  o u t l i n e d  i n  S e c .  I - C - 3 - a ,  p p .  6 4 - 6 8 .  
F i n a l l y ,  t h e  c i r c u i t  a n d  p a r a m e t e r  i n p u t  d a t a  a s  w e l l  
a s  t h e  computed  a u x i l i a r y  p a r a m e t e r s  a r e  p r i n t e d  o u t .  
i i .  S u b r o u t i n e  RWCORH 
S u b r o u t i n e  RWCORH i s  s i m i l a r  t o  S u b r o u t i n e  RWCORF 
e x c e p t  f o r  t h e  i n p u t  p a r a m e t e r s  and t h e  a d d i t i o n  o f  p r e l i m i n a r y  computa -  
t i o n ,  a s  d e s c r i b e d  i n  S e c .  I - C - 3 - b ,  p p .  6 9 - 7 8 .  
b .  S u b r o u t i n e  CORE 
S u b r o u t i n e  CORE i n c l u d e s  a  s e c t i o n  f o r  t h e  s o l u t i o n  o f  i n i t i a l  
c o n d i t i o n s ,  i n  a d d i t i o n  t o  P a r t s  ( 1 )  and ( 2 ) .  R e f e r r i n g  t o  t h e  l i s t i n g  
o f  S u b r o u t i n e  CORE on p p .  1 7 6 - 1 8 2  o f  V o l .  11, l e t  u s  d i s c u s s  e a c h  s e c t i o n  
s e p a r a t e l y  
i .  I n i t i a l  C o n d i t i o n s  
I n  t h e  s o l u t i o n  o f  t h e  d c  i n i t i a l  c o n d i t i o n s ,  an Mth 
w i n d i n g  o f  an N t h  c o r e  i s  r e p r e s e n t e d  by a  s i m p l e  r e s i s t a n c e  R = RW(N,M) 
A t  e a c h  i t e r a t i o n ,  i f  IBC - < 0 ,  t h e  c o n t r i b u t i o n  o f  e v e r y  R W ( N , M )  t o  t h e  
H and  T m a t r i x  a r r a y s  i s  computed .  
When c o n v e r g e n c e  i s  a c h i e v e d  ( i .  e . ,  when IBC > 0 ,  
ABC 5 0 ,  and J K K J  5 O ) ,  t h e  w i n d i n g  c u r r e n t s  a r e  c o m p u t e d .  T h i s  i s  f o l -  
lowed  by c o m p u t i n g  t h e  i n i t i a l  v a l u e s  o f  F = 2 N i o f  e a c h  c o r e  and  
I I J  
s e t t i n g  F ( - 2 )  = F ( - l )  = F and = @ = 0 .  I f  NSVPHI = 0  ( i . e . ,  f i r s t  
mode o f  o p e r a t i o n ) ,  t h e n  @ o f  e a c h  c o r e  i s  s e t  e q u a l  t o  t h e  r e a d - i n  
i n i t i a l  f l u x  4,. The  e l a s t i c  c o r r e s p o n d i n g  t o  F i s  a d d e d  t o  t h e  
r e m a n e n t  @ i f  F > 0 ,  o r  s u b t r a c t e d  f rom t h e  r e m a n e n t  @ i f  F < 0 .  I n  any 
c a s e ,  S b ( - l ,  and  @ ( - 2 )  a r e  s e t  e q u a l  t o  t h e  r e s u l t i n g  +. E x c e p t  f o r  com- 
p u t a t i o n  o f  t h e  w i n d i n g  c u r r e n t s ,  t h i s  p o r t i o n  o f  S u b r o u t i n e  CORE i s  a l s o  
e n t e r e d  v i a  S t a t e m e n t  No. 26 f rom t h e  main p r o g r a m  when t h e  i n i t i a l  v a r -  
i a b l e s  a r e  e i t h e r  s e t  t o  z e r o  ( N G  = 0 )  o r  r e a d  i n  (NG = 1 ) .  
i i .  P a r t  ( 1 )  
I n  a d d i t i o n  t o  t h e  l i s t i n g  o f  S u b r o u t i n e  CORE on 
p p .  1 7 6 - 1 8 2 ,  r e f e r  t o  p p .  6 1 - 9 0  o f  V o l .  11 f o r  t h e  m e a n i n g  o f  e a c h  v a r i -  
a b l e  name i n  t h e  p r o g r a m  ( s e e  a l s o  F i g .  3 0 ) .  
A t  t h e  f i r s t  i t e r a t i o n  (when  ABC ( O ) ,  t h e  v a l u e s  o f  
TM1, TM2, TM3, SUMT, DELTAV, SUMTT, SMTSMT, and  SUMTSQ a r e  c o m p u t e d ,  u s i n g  
E q s .  ( 2 4 0 )  t h r o u g h  ( 2 4 7 ) .  F o r  e a c h  Nth  c o r e ,  t h i s  i s  f o l l o w e d  by compu- 
i n g  SUMF, SUMFT, a n d  SMFTN, f o l l o w i n g  E q s .  ( 2 4 8 )  t h r o u g h  ( 2 5 0 ) .  T h e s e  
v a l u e s  a r e  t h e n  u s e d  t o  c o m p u t e  t h e  a v e r a g e  v a l u e  o f  F ,  FDOTAV, and  t h e  
i n i t i a l  g u e s s  f o r  F from t h e  t h r e e  p r e v i o u s  r e s u l t s  o f  F(N) u s ,  t ,  
E q s .  ( 2 5 1 )  a n d  ( 2 5 2 ) .  M o d i f y i n g  Eq. ( 1 4 1 )  i n  R e p o r t  5 ,  t h e  v a l u e  o f  p 
o f  e a c h  c o r e  i s  g u e s s e d  on  t h e  b a s i s  o f  t h e  r e l a t i o n  
The v a l u e s  o f  i < - 2 >  and i<-l, o f  e a c h  c o r e  w i n d i n g  a r e  s e t  e q u a l  t o  t h e  
f i n a l  s o l u t i o n  a t  t h e  p r e v i o u s  A t .  
F o r  e a c h  c o r e  a t  e a c h  i t e r a t i o n ,  i t e r a t i v e  v a r i a b l e s  
a r e  u p d a t e d  a n d  t h e  c o m p u t a t i o n  p r o c e e d s  a f t e r  c h a n g i n g  t h e  s i g n s  o f  
F ( N )  and PHI(N) i f  F ( N )  < 0  ( s e e  S e c .  I - C - 2 - b ,  p p .  5 0 - 5 1 ) .  
I f  LASTIC > 0 ,  t h e n  PHDTE(N) a n d  PHDTEP(N) ( L .  e . ,  4, 
and +:) a r e  computed  on  t h e  b a s i s  o f  E q s .  ( 2 5 3 )  t h r o u g h  ( 2 5 8 )  a t  t h e  f i r s t  
i t e r a t i o n ,  a:nd r e m a i n  u n c h a n g e d  d u r i n g  t h e  f o l l o w i n g  i t e r a t i o n s .  H o w e v e r ,  
d u r i n g  t h e  f i r s t  t h r e e  t i m e  s t e p s  (NDELT 5 3 1 ,  PHDTE(N) and  PHDTEP(N) 
a r e  computed  f rom E q s .  ( 2 3 4 )  and  ( 2 3 5 )  e v e r y  i t e r a t i o n .  I f  LASTIC = 0 ,  
t h e n  t h e  e n t i r e  c o m p u t a t i o n  o f  PHDTE(N) andPHDTEP(N) i s  b y p a s s e d .  
N e x t ,  t h e  v a l u e s  o f  PHID a n d  PHIDP ( i . e . ,  @d and  @;) 
a r e  computed  o n  t h e  b a s i s  o f  t h e  5 - r e g i o n  4 d ( F )  m o d e l ,  E q s .  ( 2 9 1 )  t h r o u g h  
( 3 0 4 ) .  C o m p u t a t i o n  o f  PHDTP and  PHDTPP on t h e  b a s i s  o f  t h e  # p ( F )  m o d e l ,  
E q s .  ( 3 0 8 )  a n d  ( 3 0 9 ) ,  t h e n  f o l l o w s .  U s i n g  E q s .  ( 2 6 2 )  and  ( 2 6 3 ) ,  t h e  
i n e l a s t i c  PHDTI a n d  PHDTIP ( i .  e . ,  $i and 4:) a r e  computed  and a d d e d  t o  
t h e i r  e l a s t i c  c o u n t e r p a r t s .  The t o t a l  PHIWT(N) i s  t h e n  u s e d  t o  com- 
p u t e  PHI(N)  by e m p l o y i n g  t h e  t r a p e z o i d a l  i n t e g r a t i o n  m e t h o d .  I f  @ > @ d ,  
t h e n  g ids  i s  computed  f rom E q s .  ( 3 0 5 )  and  ( 3 0 6 )  a n d ,  i f  @d > q d s ,  t h e n  @d 
i s  s e t  e q u a l  t o  + d s .  
F i n a l l y ,  f o l l o w i n g  E q s .  ( 2 1 9 )  t h r o u g h  ( 2 2 2 ) ,  t h e  
v a l u e s  o f  GCNM and VCNM ( i .  e . ,  G c  and V C )  o f  e a c h  c o r e  w i n d i n g  and i t s  
c o n t r i b u t i o n s  t o  t h e  H and  T m a t r i x  a r r a y s  a r e  c o m p u t e d .  
i i i .  P a r t  ( 2 )  
The  c u r r e n t  o f  e a c h  c o r e  w i n d i n g ,  CIW, i s  f i r s t  com- 
p u t e d  f rom Eq. ( 2 1 8 )  and t h e n ,  i f  i t  a p p e a r s  t o  b e  o s c i l l a t o r y ,  i t  i s  
c o r r e c t e d  by A i t k e n '  s m e t h o d ,  Eq. ( 3 6 2 ) ,  e v e r y  o t h e r  i t e r a t i o n  [ o r  by t h e  
" h a 1  f "  m e t h o d ,  Eq. ( 3 6 3 ) ,  e v e r y  i t e r a t i o n ] .  I f  CIW i s  n o t  c l o s e  enough  
t o  CIJMl(N,M) [ t h e  v a l u e  o f  CICQRE(N,M) a t  t h e  p r e v i o u s  i t e r a t i o n ]  i n  
a c c o r d a n c e  w i t h  Eq. ( 3 6 4 ) ,  t h e n  c o n v e r g e n c e  h a s  n o t  b e e n  a c h i e v e d  
(ABC = 1) ; o t h e r w i s e ,  CICORE(N,M) i s  d e t e r m i n e d  f rom CIW and  C I J M l ( N , M ) ,  
d e p e n d i n g  on  PSTEP ( t h e  w e i g h t i n g  f a c t o r  p o f  t h e  p r e v i o u s  i t e r a t i o n ) ,  
u s i n g  Eq. ( 3 6 5 ) .  I f  ABC - < 0 ,  t h e n  F ( - 3 ) ,  F ( - 2 ) ,  F ( - I ) ,  $ ( - 2 ) ,  
@ c ( - l )  @ ( - 3 )  @ ( - 2 )  and  o f  e a c h  c o r e  a r e  u p d a t e d  f o r  t h e  n e x t  
t i m e  s t e p .  I f  t h e  u s e r  s p e c i f i e d  STSWEX = 1 a n d  t h e  f l u x  s w i t c h i n g  o f  
e v e r y  c o r e  h a s  b e e n  c o m p l e t e d  (FLXSM' = O ) ,  t h e n ,  i f  NDELT > NUDT, t h e  
r u n  w i l l  b e  t e r m i n a t e d  by s e t t i n g  JCAT = 10 ( s e e  d e s c r i p t i o n  o f  t h e  main  
p r o g r a m ) .  
i v .  MONITOR WRITE S t a t e m e n t s  
Twenty c o n d i t i o n a l  \'RITE s t a t e m e n t s  a r e  s c a t t e r e d  
t h r o u g h o u t  S u b r o u t i n e  COPE f o r  d e b u g g i n g  p u r p o s e s .  T h e s e  MFITE s t a t e -  
m e n t s  w i l l  b e  e x e c u t e d  i f  MONCOR= 1. The  s e t t i n g  a n d  r e s e t t i n g  o f  
MONmR ( a n d  s i m i l a r  l o g i c a l  v a r i a b l e s  i n  o t h e r  s u b r o u t i n e s )  t o  TRUE and  
FALSE a r e  d o n e  i n  t h e  main  p r o g r a m ,  and a r e  c o n t r o l l e d  by t h e  u s e r ,  a s  
w i l l  b e  d e s c r i b e d  l a t e r .  When t h e s e  WRITE s t a t e m e n t s  a r e  e x e c u t e d ,  b o t h  
t h e  names and  t h e  v a l u e s  o f  t h e  f o l l o w i n g  v a r i a b l e s  a r e  p r i n t e d  o u t :  
I n i  t i  a 1  C o n d i t i o n s  
1 CORES ( h e a d i n g )  
2  H ( K O l , K O l ) ,  H(KOl,K02') ,  H ( K 0 2 , K O l ) ,  H ( K 0 2 , K 0 2 ) ,  ~ ( K o l ) ,  T(K02)  
3  CICORE(N, M )  
4 C I J M l ( N , M ) ,  FMM 
5 NWSUBN, PHI(N) 
P a r t  (1) 
TMl, TM2, TM3, SUMT, SUMTT, SMTSMT, SUMTSQ 
CORE N 
FM3(N), FM2(N), FMl(N) ,  PHDTM2(N), P H D T M ~ ( N ) ,  P H I M ~ ( N ) ,  P H I M ~ ( N ) ,  
PHIMl(N) , PDTEMl(N) , (CICORl(N, J )  , J = 1 ,  NWSUBN) 
SUMF, SUMFT, SMFTN, FDOTAV, F ( N ) ,  PHI(N) 
NITER, SIGNF, SF ,  SPHI 
EPS, EPSP, FDOTAV, PHDTEP(N) , PHDTE(N) 
Q1, Q2,  Q 4 ,  Q 5 ,  Q 6 ,  PHID(N) ,  PHIDP 
PHDTP, PHDTPP, ETA, PHDTI , PHDTIP, PHIDOT( N) , PHDTPR, sPHI , PHIDS, 
PHI ( N )  
GCNM , VCNM, KO, KO1, KO 2 
H ( K O l , K O l ) ,  H ( K O l , K 0 2 ) ,  H ( K 0 2 , K O l ) ,  H ( K 0 2 , K 0 2 ) ,  T ( K O l ) ,  T(K02)  
P a r t  ( 2 )  
16 CORE N 
1 7  BV, CIW, CIJMl(N,  MI, CIJM2(N,M) 
18 CI\Y 
19 DID NOT CONVERGE 
20 N, M, K01, K02, CIW, CICORE(N,M), F ( N ) ,  ABC. 
C. Main P r o g r a m  and A s s o c i a t e d  S u b r o u t i n e s  
The main p r o g r a m  and i t s  a s s o c i a t e d  s u b r o u t i n e s  i n  MTRAC a r e  d e s c r i b e d  
i n  t h e  f o l l o w i n g  two s e c t i o n s .  I n  S e c .  C - 1 ,  we o u t l i n e  t h e  m a i n - p r o g r a m  
s t e p s ,  i n c l u d i n g  t h e  s u b r o u t i n e  c a l l s .  I n  S e c .  C - 2 ,  we o u t l i n e  some o f  
t h e  s u b r o u t i n e s  c a l l e d  by t h e  main p r o g r a m .  Some P r o g r a m - S t a t e m e n t  Numbers 
w i l l  b e  added  on t h e  l e f t  s i d e  o f  e a c h  s u b p r o g r a m  b i t l i n e  f o r  o r i e n t a t i o n  
i n  t h e  p r o g r a m  l i s t i n g s  i n  V o l .  11. The g l o s s a r y  o f  t h e  v a r i a b l e  names 
i s  g i v e n  i n  S e c .  1 1 - A ,  p p .  6 1 - 9 0 ,  i n  V o l .  11. 
1. MTRAC Main P r o g r a m  
T h e  main p r o g r a m  c a l l s  s e v e r a l  s u b r o u t i n e s  w h i c h ,  i n  t u r n ,  c a l l  o t h e r  
s u b r o u t i n e s .  The s u b r o u t i n e  c a l l s ,  some o f  w h i c h  a r e  c o n d i t i o n a l ,  a r e  
shown i n  F i g .  32 .  A c o n d i t i o n a l  c a l l  i s  d e s i g n a t e d  i n  F i g .  32  by  a  d a s h e d  
l i n e ,  and  t h e  c o n d i t i o n  i t s e l f  i s  e n c l o s e d  i n  p a r e n t h e s e s .  
R e f e r r i n g  t o  t h e  g l o s s a r y  o f  v a r i a b l e s  ( V o l .  11, p p .  6 1 - 9 0 )  a n d  t h e  
l i s t i n g  o f  t h e  m a i n  p r o g r a m  ( V o l .  1 1 ,  p p .  9 1 - 9 9 ) ,  t h e  main  p r o g r a m  i s  
o u t l i n e d  a s  f o l l o w s .  
a .  I n i t i a l i z a t i o n  
S t a t e m e n t  
No. 
( 1 )  C a l l  S u b r o u t i n e  RWRUNC f o r  READ-WRITE o f  t h e  
r u n -  c o n t r o l  d a t a .  
( 2 )  C a l l  a l l  t h e  HEAD- WRITE c i r c u i t -  e l e m e n t  
s u b r o u t i n e s .  
( 3 )  Compute  t h e  t o t a l  number o f  n o n l i n e a r  e l e m e n t s  KNL. 
I f  ITRTST, MAXMIN, o r  KFMAX h a s  n o t  b e e n  s p e c i f i e d ,  
t h e n  s e t  ITRTST = 10  + KNL, MAXMIN = 2 ( 1 0  + KNL), 
o r  KFMAX = 3.  
( 4 )  I n i t i a l i z e  NAW = IBC = J S J  = 0 .  
I f  KONT = 1 o r  NSVVAR = 1 ,  go t o  2102 
( 5 )  C a l l  S u b r o u t i n e s  DIOD and  TRAN t o  compute  
i n i t i a l  c u r r e n t s ,  a n d  i f  NG # - 1 ,  c a l l  Sub- 
r o u t i n e  CORE t o  c o m p u t e  i n i t i a l  v a l u e s  of  
F, 6, a n d  $ o f  e a c h  c o r e .  
S e t  J S J  = 1 and KDTIM = 0 .  
( 6 )  C a l l  S u b r o u t i n e  INTIAL ( s e e  l a t e r ,  p p .  1 1 3 - 1 1 4 1  
i f  s o l u t i o n  .of  i n i t i a l  c o n d i t i o n s  i s  s p e c i -  
f i e d  (NG = - I ) ,  b u t  s k i p  t h i s  c a l l  i f  t h e  
r u n  i s  c o n t i n u e d  (KONT = 1 )  r e g a r d l e s s  o f  NG. 
( 7 )  S t o r e  and  p r i n t  o u t  t h e  i n i t i a l  v a l u e s  o f  
V l ( J )  f o r  J = 1 t o  NZ. S e t  NG = 0 .  
( 8 )  S t a r t  a  new r u n  i f  o n l y  s o l u t i o n  o f  i n i t i a l  
c o n d i t i o n s  i s  s p e c i f i e d  (N3B < 0 )  o r  i f  no 
c o n v e r g e n c e  h a s  b e e n  a c h i e v e d  and  N3B = 0 .  
- RWRUNC 
L---SECOND(TEMP) 
- RWlVS 
- RWRES 
- RWCAP 
- RWlND 
- RWZEN 
- RWDIOD 
- RWTRAN 
- RWCORE 
(if PARlN = PHlF or blank) 
--RWCORH (if PARlN = BH) 
DlOD \ (if NSVVAR f 1 and KONT f 1) 
TRAN ,! 
CORE (if NSVVAR # 1 and KONT f 1 and NG f -1) 
INTIAL (if  NG = -1 and KONT # 1) 
- ELEM 
Part (1) 
ZEN 
DlOD 
TRAN 
CORE 
- SEQSOL 
--- ELEM (if error in SEQSOL) 
Part (1) 
ZEN 
DlOD 
TRAN 
CORE 
--- AUX(1) ( i f  WSQSOL i s  TRUE) 
- ELEM 
Part (2) 
Group (1) 
ZEN 
AUX(1) 
AUX(1) (if NG = 0) 
- SECOND(TEMP) 
RWCND (if KONT = 1)  
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Part (1) 
-- ELEM (if error in SEQSOL) 
AUX(0) 
Part (1) 
IND 
ZEN 
DlOD 
TRAN 
CORE 
AUX(1) ( i f  WSQSOL is TRUE) 
- ELEM 
Part 
Group (1) 
ZEN 
AUX(1) 
- SECOND(TEMP) 
--- p ~ A p R ( 1 )  (if KPLOT = 1 or KPUNCH or KPRLT = 
-- PRPLT(JV,-l.JV1.0) ( (if plotting V(JV1) VS. t )  
-- PLT(Jv.-i,Jvi ,o) j 
-- PRPLT(JVV~O~JV1~O~ I (if plotting G(JVI) VS. V(JV1)) 
-- PLT(JVV.O.JV1,O) j 
-- P R P L T ( J V , ~ , ~ ~ * ~ ~ )  1 (if plotting ~ ( 1 1 )  vr. V(12)) 
-- ~ ~ ~ ( ~ V , 1 , 1 1 , 1 2 )  j 
t SECOND(TEMP1 
-- PLAPR(-1) ( i f  PLOT array is filled, i.e., JV 2 IPX) 
t -- PRPLT(JV,-l*JV1rO) I. (if plotting V(JV1) vs, t) -- PLT(JV,-1 ,JV1,0) 
t -- PRPLT(JV,1,11~12) (if plotting ~ ( 1 1 )  vs. ~ ( 1 2 ) )  
-- PLT(JV,1,11,12) j 
T C - 6 4 0 8 - 5 7  
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2600 ( 9 )  I f  t h e  ,run i s  c o n t i n u e d  (KONT = 1 ) ,  c a l l  
S u b r o u t i n e  RWCND ( s e e  l a t e r  p .  1 1 4 ) .  
230 1 ( 1 0 )  I n i t i a l i z e  At a n d  i f  NSVVAR # 1, s e t  
= A t .  S t o r e  t h e  i n i t i a l  
i n  PLOT a r r a y  VP(10,  350)  
S e t  t  and  s t o r e  i n  PLOT a r r a y  T F ( 3 5 4 ) .  
S e t  J S J  = -1. 
b .  T r a n s i e n t  S o l u t i o n  
T r a n s i e n t  r e s u l t s  a r e  s t o r e d  i n  PLOT a r r a y  VP(10 ,  350)  e v e r y  
NB t i m e  s t e p s  ( f o l l o w i n g  t h e  J J  l o o p )  a n d  p r i n t e d  o u t  e v e r y  NEB * NB 
t i m e  s t e p s  ( f o l l o w i n g  t h e  JJJ l o o p ) .  F o r  e a c h  t i m e  s t e p ,  do t h e  f o l l o w i n g .  
S t a t e m e n t  
No. 
2  2  2  2  (1)  S e t  NANr = 0 ;  s e t  NITER = 1. 
( 2 )  I f  t h e r e  a r e  t i m e - v a r i a b l e  s o u r c e s ,  t h e n :  
( a )  F i n d  w h e t h e r  any s o u r c e  h a s  a  b r e a k  p o i n t  
w i t h i n  t h e  t i m e  s t e p .  I f  t h e r e  i s  a  
b r e a k ,  c u t  A t  s o  t h a t  t  c o i n c i d e s  w i t h  
t h e  n e a r e s t  b r e a k  p o i n t  among t h e  
s o u r c e s .  
( b )  F o r  e a c h  J t h  t i m e - v a r i a b l e  s o u r c e :  
( i )  I f  t  h a s  n o t  e x c e e d e d  a  b r e a k  p o i n t ,  
compute  a  new s o u r c e  m a g n i t u d e ,  
E I ( K ) ,  u s i n g  t h e  o l d  s l o p e ,  E 2 ( J ) .  
( N o t e :  K = J - 1 ,  e x c e p t  t h a t  
K = 19  f o r  J = 1 . )  
( i i )  I f  t  h a s  e x c e e d e d  a b r e a k  p o i n t ,  s t a r t  
a  new s o u r c e  submode by i n c r e a s i n g  
J G ( J )  by 1. Compare  J G ( J )  w i t h  
N I  = S T ( J , l ) ( t h e  number  o f  s o u r c e  
b r e a k  p o i n t s )  : 
I f  J G ( J )  < N I ,  compute  new s l o p e  and 
s o u r c e  m a g n i t u d e .  
I f  J G ( J )  2 N I ,  t h e n  
I f  S T ( J , 2 )  = 0 ( l a s t  v a l u e  t o  b e  
h e l d ) ,  c o n v e r t  t h e  s o u r c e  t o  a  d c  
s o u r c e  by s e t t i n g  S T ( J , 2 )  = -1 a n d  
f i x i n g  t h e  s o u r c e  a m p l i t u d e .  
I f  S T ( J , 2 )  > 0  ( c y c l e ) ,  r e s e t  
J G ( J )  t o  1 and r e s e t  t h e  s o u r c e  
s l o p e  and m a g n i t u d e  t o  t h e i r  
i n i t i a l  v a l u e s .  
( 3 )  T e s t  a n d  s e t  t h e  MONITOR p r i n t o u t  c o n d i t i o n s .  
A t  t h e  f i r s t  t i m e - s t e p  f o r  w h i c h  NDTMIN < NDELT, 
t u r n  on t h e  c o n d i t i o n s  t o  m o n i t o r  i n  t h e  s u b -  
r o u t i n e s  s p e c i f i e d  by t h e  u s e r  a n d  p r i n t  o u t  
t h e s e  s p e c i f i c a t i o n s .  A t  t h e  f i r s t  t i m e  t h a t  
NDTMAX NDELT, t u r n  o f f  t h e  c o n d i t i o n s  t o  m o n i t o r  
( 4 )  I t e r a t e  i n  a  l o o p ,  u n t i l  c o n v e r g e n c e  i s  a c h i e v e d ,  
a l o n g  t h e  f o l l o w i n g  s t e p s :  
( a )  C a l l  S u b r o u t i n e  ELEM, P a r t  ( l ) ,  t o  f i l l  t h e  
H a n d  T  a r r a y s .  
( b )  C a l l  S u b r o u t i n e  SEQSOL(ERR) t o  s o l v e  
V l  = T ] / [ H ] .  
I f  t h e  s o l u t i o n  f a i l s ,  c a l l  S u b r o u t i n e  ELEM t o  
f i l l  A r r a y  H ,  p r i n t  o u t  t h e  H v a l u e s ,  a n d  
t e r m i n a t e  t h e  r u n .  
( c )  C a l l  S u b r o u t i n e  ELEM, P a r t  ( 2 ) ,  t o  c o m p u t e  
c u r r e n t s  and  t e s t  c o n v e r g e n c e .  
( d )  I n c r e a s e  NITER by 1 and  NITRSM by 1. 
( e )  I f  c o n v e r g e n c e  h a s  b e e n  a c h i e v e d  (ABC = 0 )  
o r  h a s  n o t  b e e n  a c h i e v e d  w i t h i n  ITRMAX i t e r a -  
t i o n s  (ABC = - 3 ) ,  g e t  o u t  o f  t h e  l o o p .  
O t h e r w i s e ,  s e t  NAW = -1 i f  NAW = 0  a n d  
s t a r t  a new i t e r a t i o n  ( g o  t o  7 0 1 ) .  
( 5 )  I f  ABC = - 3 ,  a d d  1 t o  NAW ( t h e  number  o f  v a r i a b l e  
r e s e t t i n g s  and  A t  c u t s ) .  
I f  NAW 2 6 ,  w r i t e  a  c o n v e r g e n c e - f a i l u r e  m e s s a g e  
and t e r m i n a t e  t h e  r u n .  
( 6 )  T e s t  t h e  n o r m a l  a n d  f a i l u r e  c o n d i t i o n s  f o r  r u n  
t e r m i n a t i o n .  I f  any c o n d i t i o n  i s  s a t i s f i e d ,  
s e t  JCAT L =  10 f o r  a  s u b s e q u e n t  r u n  t e r m i n a -  
t i o n .  
( 7 )  U p d a t e  t and  p r e v i o u s  v a l u e s  o f  v a r i a b l e s  
and  v a r i a b l e  s o u r c e s  f o r  t h e  n e x t  A t .  
( 8 )  Compare t w i t h  t h e  e n d  o f  t h e  A t  mode, 
T e n d  CT( JCAT, 2 )  : 
I f  t < T e n d ,  go t o  t h e  s t a r t  o f  t h e  
JJ l o o p .  
I f  t < T e n d  + 0 . 9 9 9  A t ,  c u t  A t  S O  t h a t  t  
c o i n c i d e s  w i t h  T e n d  a n d  go t o  t h e  s t a r t  
o f  t h e  JJ  l o o p .  
I f  t 2 T e n d  + 0 . 9 9 9  A t ,  s t a r t  a  new A t  mode 
by i n c r e a s i n g  JCAT by 1. Examine  CT(JCAT, 1 )  
o f  t h e  new A t  mode: 
I f  C T ( J C A T , l )  = 0 ,  go t o  p r i n t  o u t  t h e  l a s t  
r e s u l t s ,  s t o r e  t h e  PLOT d a t a  on t a p e ,  a n d  
b e g i n  a  new run  o r  t e r m i n a t e  t h e  r u n  n o r m a l l y .  
I f  CT(JCAT, 1 )  < 0 ,  a r r a n g e  f o r  a  new At c y c l e ,  
and  m o d i f y  At  and  t  a c c o r d i n g l y .  
I f  CT( JCAT, 1 )  > 0 ,  m o d i f y  At and t  a c c o r d i n g l y .  
Go t o  t h e  s t a r t  o f  t h e  JJ l o o p .  
( 9 )  A t  t = N B e A t ,  s t o r e  t h e  PLOT d a t a  ( I t h  v a r i a b l e  
and  t  v a l u e s  a t  t h e  J V t h  p o i n t )  i n  VP(1,  JV) and  
T F ( J V )  a r r a y s .  
( 1 0 )  A t  t  = NB-NBBeDt, p r i n t  o u t  t h e  s o u r c e  m a g n i t u d e s  
a n d  t h e  r e s u l t s  ( n o d a l  v o l t a g e s  a n d  a u x i l i a r y  
v a r i a b l e s ) .  P r i n t  o u t  a l s o  DELT, NITER, NDELT, 
and  NITRSM. 
( 1 1 )  I f  t h e  r u n -  t i m e  l i m i t  i s  t o  b e  e x c e e d e d  i n  
20 s e c o n d s ,  p r i n t  o u t  a  m e s s a g e  t o  t h i s  e f f e c t ,  
a n d  s e t  JCAT = 11 andKPUNCH = 1. I f  NPLTVT > 0 ,  
s e t  KPRPLT = 1. 
(1 2)  T e s t  t h e  n o r m a l  and  f a i l u r e  t e r m i n a t i o n  c o n d i -  
t i o n s  and p r i n t  o u t  w h i c h ,  i f  a n y ,  c o n d i t i o n  
i s  s a t i s f i e d .  
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( 1 3 )  I f  CT(JCAT, 2 )  5 0 ,  t h e n :  
10 9  ( a )  I f  KPLOT = 1 o r  KPUNCH = 1 o r  KPRPLT = 1 ,  
c a l l  S u b r o u t i n e  PLAPR(1) f o r  p l o t t i n g ,  
p r i n t - p l o t t i n g ,  and  p u n c h i n g  c a r d s  f o r  
a  c o n t i n u e d  r u n .  
( b )  B e g i n  a  new mode o r  e x i t .  
8  5 ( 1 4 )  I f  CT(JCAT, 2 )  > 0 ,  c a l l  PLAPR(-1) a n d  s t a r t  
a  new JJ l o o p .  
2.  MTRAC S u b r o u t i n e s  
R e f e r r i n g  t o  F i g .  3 2 ,  t h e r e  a r e  t h i r t y  d i f f e r e n t  s u b r o u t i n e s  i n  t h e  
MTPAC p r o g r a m .  T h e s e  s u b r o u t i n e s  a r e  l i s t e d  a l p h a b e t i c a l l y  i n  T a b l e  VIII 
t o g e t h e r  w i t h  t h e i r  s u b j e c t s .  A l s o  i n c l u d e d  a r e  t h e  number  o f  w o r d s  o c -  
c u p i e d  by e a c h  s u b r o u t i n e  i n  memory. The  main  p r o g r a m  o c c u p i e s  8 ,  562  mem- 
o r y  w o r d s .  The  memory o c c u p a n c y  f o r  t h e  e n t i r e  MTRAC p r o g r a m ,  i n c l u d i n g  
t h e  c o m p u t e r - s y s t e m  s o f t w a r e ,  i s  4 5 , 6 0 0  w o r d s .  A l l  n u m b e r s  a r e  d e c i m a l .  
S u b r o u t i n e  AUX( ) a l l o w s  t h e  u s e r  t o  d e f i n e  a u x i l i a r y  v a r i a b l e s  o r  
any o t h e r  f u n c t i o n .  T h i s  i s  a  s o u r c e  p r o g r a m  i n  t h e  FORTRAN-IV l a n g u a g e .  
T h i s  s u b r o u t i n e  w i l l  b e  d e s c r i b e d  l a t e r  i n  c o n n e c t i o n  w i t h  t h e  u s e r ' s  
g u i d e .  
The READ-WRITE and c o m p u t a t i o n  c i r c u i t - e l e m e n t  s u b r o u t i n e s  h a v e  b e e n  
d e s c r i b e d  i n  S e c .  1 1 - B ,  p p .  8 3 - 1 0 3 .  
Table VIII 
MTRAC SUBROUTINES, THEIR SUBJECTS AND MEMORY OCCUPANCY 
S u b r o u t i n e  HOLLER( , ) a s s i g n s  a  s t o r a g e  l o c a t i o n  a n d  a  name f o r  an 
a l p h a n u m e r i c  ( H o l l e r i t h )  c o n s t a n t .  
user (source program) 
Magnetic cores 
Control of circuit-element subroutines 
Storing an alphanumeric constant 
IVS 
PAREN( , ) 
PLAPR( ) 
PLT( , , , ) 
PRpLT( , , , ) 
RES 
R\YcAP 
R\YCND 
R\VCORE 
R\\'CORF 
RBCORH 
R\VDI OD 
R\VIND 
RWIVS 
R\WES 
RWRLJNC 
R \ M  
R\VZEN 
SEcoiuD( 
SEQSOL( ) 
TRAN 
ZEN 
Solution of initial conditions 
Current and floating-voltage sources 
Fixing right-most parenthesis 
Control of plotting subroutines 
Plotting 
Print-plotting 
Resistors 
READ-\mITE capacitor data 
READ-\%ITE continued- run data 
Control of Subroutines R\ICORF and R\VCOFtH 
READ-WRITE @(F) magnetic-core data 
READ-WRITE B(H) magnetic-core data 
READ-WRITE diode data 
READ-\'(RITE inductor data 
READ-WRITE current and floating-voltage source data 
READ-\mITE resistor data 
READWRITE run control of each mode 
READ-\\RITE transistor data 
READ-\WITE zener-diode data 
Recording run time 
Solution of matrix equations 
Transistors 
Zener diodes 
218 
9 5 
941 
1,958 
655 
227 
388 
509 
48 
2,228 
3,046 
439 
456 
369 
389 
1,757 
606 
376 
20 
115 
1,438 
285 
S u b r o u t i n e s  PLAPR( ) ,  PLT( , , , ) a n d  PRPLT( , , , ) h a n d l e  p l o t t i n g  
and p r i n t - p l o t t i n g  o f  t h e  s p e c i f i e d  v a r i a b l e s .  S u b r o u t i n e  PLAPR( ) a l s o  
h a n d l e s  c a r d  p u n c h i n g  f o r  c o n t i n u e d  r u n s .  T h e s e  s u b r o u t i n e s  may v a r y  
among d i f f e r e n t  c o m p u t e r  s y s t e m s .  
S u b r o u t i n e  SECOND( ) r e c o r d s  t h e  r u n  t i m e ;  i t  i s  p a r t  o f  t h e  c o m p u t e r  
s y s t e m .  
S u b r o u t i n e  SEQSOL( ) s o l v e s  m a t r i x  e q u a t i o n s  by G a u s s i a n  e l i m i n a t i o n  
t o  t r i a n g u l a r i z e  t h e  c o e f f i c i e n t  m a t r i x ,  f o l l o v j e d  by b a c k  s u b s t i t ~ t i o n . ~ ~  
T h e  d e t a i l s  o f  t h i s  s u b r o u t i n e  a r e  b e y o n d  t h e  s c o p e  o f  t h i s  r e p o r t .  
T h e  r e m a i n i n g  t h r e e  s u b r o u t i n e s  a r e  o u t l i n e d  a s  f o l l o w s  i n  t h e  o r d e r  
o f  t h e  c a l l  b y  t h e  m a i n  p r o g r a m ,  i .  e . ,  RWRUNC, INTIAL, and  RWCND. R e f e r  
t o  t h e  i n p u t - d a t a  a n d  t h e  g l o s s a r y  o f  v a r i a b l e s  i n  V o l .  1 1 .  
a .  S u b r o u t i n e  RWRUNC ( c f .  Volume 11, p p .  1 0 1 - 1 0 7 )  
S t a t e m e n t  
No. The  r u n - c o n t r o l  s p e c i f i c a t i o n s  a r e  r e a d  i n  a n d  p r i n t e d  o u t ,  
a s  f o l l o w s :  
5 5 5  1 (1) Read  i n  a n d  p r i n t  o u t  CKT, LIMITT, KONT, and  DMAX 
( C a r d  0 0 0 0 0 ) .  * 
5550 ( 2 )  I f  e n d  o f  f i l e ,  p r i n t  m e s s a g e  t o  t h i s  e f f e c t  a n d  e x i t .  
S e t  r u n -  t i m e  l i m i t ,  TLIMIT = LIR4ITT- 20 ( s e c o n d s ) .  
( 3 )  Read i n  t h e  MONITOR p r i n t o u t  d a t a  ( C a r d  0 0 0 0 1 ) .  
( 4 )  I n i t i a l i z e  NDELT = 0 ,  NITRSM = 0 ,  JCAT = I ,  a n d  
JKKJ = 0 .  
( 5 )  Read i n  a n d  p r i n t  o u t  NSVVAR, NSVPHI, and  NSVIL 
( C a r d  0 0 0 0 2 ) .  
I f  NSVVAR = 1, s e t  NSVPHI = 1 and  NSVIL = 1. 
( 6 )  Read i n  and  p r i n t  o u t  ITRTST, MAXMIN, KFMAX, 
RELER, ABSER, a n d  N3B ( C a r d  0 0 0 0 3 ) .  
S e t  ITRMAX = MAXIMIN. 
~f n o t  s p e c i f i e d ,  s e t  RELER = a n d  
ABSER = v o l t .  
* 
Card  No, i n  p a r e n t h e s e s  i s  a n  i n p u t - d a t a  c a r d .  See  Sec .  I ,  pp .  1 - 5 9 ,  i n  V o l .  11. 
1 1 1  
I n i t i a l i z e  t o  z e r o  TOO(J)  f o r  e a c h  s o u r c e ,  
TE a n d  J K L J .  I n i t i a l i z e  J V  = 1 ,  TIMEIN = TE, 
a n d  JKLJ = 0 .  
T e s t  a n d  s e t  t h e  MONITOR p r i n t o u t  c o n d i t i o n s ,  
W r i t e  w h i c h  s u b r o u t i n e s  a r e  s p e c i f i e d  f o r  t h e  
MONITOR p r i n t o u t .  I f  NDTMIN ( NDELT, t u r n  o n  
t h e  c o n d i t i o n s  t o  m o n i t o r .  I f  NDTMAX < NDELT, 
t u r n  t h e s e  c o n d i t i o n s  o f f .  
R e a d  i n  and  p r i n t  o u t  NV, NAUX, NG, ND, NB a n d  
NBB ( C a r d  0 1 0 0 0 ) .  
S e t  NZ = NV + NAUX. 
R e a d  i n  and  p r i n t  o u t  NPLTVT, NIB, a n d  
NPLTVV ( C a r d  0 1 0 1 0 ) .  
I f  NPLTVT > 0 ,  t h e n  r e a d  i n ,  p r o c e s s ,  and  
p r i n t  o u t  t h e  PLOT d a t a :  
( a )  Read  i n  a n d  p r i n t  o u t  KPLOT, KPRPLT, 
SCALE, IPX,  PRSYMB, and  KPFIT ( C a r d  01011  ) .  
( b )  R e a d - w r i t e  names and  i n d e x  n u m b e r s  o f  
NPLTVT v a r i a b l e s  t o  b e  p l o t t e d .  I f  
N1B > 0 ,  V  u s .  V w i l l  a l s o  b e  p l o t t e d .  
( c )  R e a d - w r i t e  names and  i n d e x  n u m b e r s  of 
NPLTVV p a i r s  o f  v a r i a b l e s  t o  b e  p l o t t e d  
u s .  e a c h  o t h e r .  
( d )  Check  w h e t h e r  a l l  V-us .  - V  v a r i a b l e s  a r e  
i n c l u d e d  i n  t h e  V - u s .  - t l i s t .  I f  n o t ,  
p r i n t  a  m e s s a g e  a n d  e x i t .  
( e )  Compute  t h e  t o t a l  number  o f  p l o t s ,  
K = NPLTVTa(N1B + 1 )  + NPLTVV. Check 
w h e t h e r  t h e  PLOT s c a l e s  a r e  t o  b e  
d e t e r m i n e d  by t h e  p r o g r a m  (SCALE = 0 ) .  
I f  K > 0  a n d  SCALE = 1 ,  r e a d  i n  a n d  
p r i n t  o u t  u n i t s ,  s c a l e s ,  a n d  f r a m e  
b o u n d a r i e s  f o r  t h e  X a n d  Y v a r i a b l e s  
o f  e a c h  p l o t .  
Check w h e t h e r  NV 6 0 ,  NZ 5 7 0 ,  a n d  N D  5 1 8 .  
I f  n o t ,  p r i n t  an  a p p r o p r i a t e  m e s s a g e  a n d  e x i t .  
I f  v a r i a b l e  v a l u e s  a r e  n o t  t o  b e  s a v e d  
(NSVVAR = O ) ,  t h e n  s e t  t o  z e r o  A r r a y s  V ( J )  
a n d  V1( J )  . 
Read i n  a n d  p r i n t  o u t  t h e  t e m p e r a t u r e  and  
t h e  At v a l u e s  t o  b e  u s e d  i n  d i f f e r e n t  
p e r i o d s  t h r o u g h o u t  t h e  t r a n s i e n t  t i m e .  
I f  NG = 1, r e a d  i n  i n i t i a l  v a l u e s .  
I f  i n i t i a l  c o n d i t i o n s  a r e  t o  b e  s o l v e d  
(NG = - I ) ,  s e t  At = 1 0  2 0 .  
(1 7 )  R e a d  i n  t h e  v a r i a b l e -  s o u r c e  d a t a ,  i n c l u d i n g  
r a d i a t i o n  p h o t o c u r r e n t  a n d  g r o u n d e d  d c  v o l t -  
a g e  s o u r c e s .  F o r  e a c h  J t h  s o u r c e  ( J  = 1 f o r  
p h o t o c u r r e n t ;  J = 2  f o r  S o u r c e  No. 1 ;  e t c . ) ,  
s t o r e  N I  and  NI2 ( s e e  C a r d s  0 3 0 0 0 ,  0 3 0 1 0 ,  
0 3 0 2 0 ,  e t c . )  i n  t h e  a r r a y s  S T ( J ,  1 )  a n d  
S T ( J , 2 ) ,  r e s p e c t i v e l y ,  a n d  t h e  i n i t i a l  s l o p e  
o f  a  v a r i a b l e  s o u r c e  i n  t h e  A r r a y  E 2 ( J ) .  
F o r  e a c h  K t h  s o u r c e  (K = 1 f o r  S o u r c e  No. 1 ;  
K = 2 f o r  S o u r c e  No. 2 ;  e t c . ;  K = 19 f o r  
p h o t o c u r r e n t ) ,  s t o r e  t h e  i n i t i a l  s o u r c e  v a l u e  
i n  A r r a y  E I ( K ) .  I f  DMAX > 0 ,  r e a d  i n  t h e  
d e v i a t i o n  s i g n s  o f  e a c h  s o u r c e  a n d  c h a n g e  
t h e  s o u r c e  magni  t u d e s  a c c o r d i n g l y .  P r i n t  
o u t  t h e  s o u r c e  d a t a .  
( 1 8 )  Read  i n  a n d  p r i n t  o u t  t h e  n o r m a l  a n d  f a i l u r e  
c o n d i t i o n s  f o r  r u n  t e r m i n a t i o n  ( C a r d s  03500  
t h r o u g h  0 3 6 1 1  e t c .  ) . 
b .  S u b r o u t i n e  INTIAL ( c f .  Volume 11, p p .  1 5 6 - 1 5 7 )  
I n i t i a l  c o n d i t i o n s  a r e  s o l v e d  a l o n g  t h e  f o l l o w i n g  s t e p s :  
S t a t e m e n t  
No. ( 1 )  I f  NSVVAR = 1,  p r i n t  o u t  a  m e s s a g e  o f  i n c o n -  
s i s t e n t  s p e c i f i c a t i o n s ,  a n d  e x i t .  
40 0  ( 2 )  C a l l  S u b r o u t i n e  EL,EM, P a r t  ( I ) ,  t o  f i l l  t h e  
H  a n d  T  a r r a y s .  
8 8 7 2  ( 3 )  C a l l  S u b r o u t i n e  SEQSOL(ERR) t o  s o l v e  V ]  = T I / [ H I  
I f  t h e  s o l u t i o n  f a i l s ,  c a l l  S u b r o u t i n e  ELEM t o  
f i l l  A r r a y  H ,  p r i i n t  o u t  t h e  H v a l u e s ,  a n d  e x i t .  
( 4 )  T e s t  w h e t h e r  t h e  s o l u t i o n  o f  V ( J ) ( f o r  J = I 
t o  NV) h a s  c o n v e r g e d  by c o m p a r i n g  V ( J )  w i t h  
V l ( J ) .  I f  c o n v e r g e n c e  h a s  n o t  b e e n  a c h i e v e d ,  
s e t  JKKJ = I .  
( 5 )  C a l l  S u b r o u t i n e  ELEM, P a r t  ( 2 ) ,  t o  c o m p u t e  
c u r r e n t s  o f n o n l i n e a r  c i r c u i t  e l e m e n t s  ( d i o d e s  
a n d  t r a n s i s t o r s )  a n d  t e s t  t h e i r  c o n v e r g e n c e .  
( 6 )  S t o r e  V ( J )  i n  V l ( J )  f o r  J = 1 t o  NV.  
( 7 )  I f  c o n v e r g e n c e  h a s  b e e n  a c h i e v e d  (JKKJ 5 0  
a n d  ABC 5 O ) ,  r e t u r n .  
O t h e r w i s e ,  r e s e t  J K K J  t o  z e r o  a n d  a d d  1 t o  
J K L J  ( t h e  number  o f  i t e r a t i o n s ) .  
( 8 )  Compare JKLJ w i t h  200 :  
I f  JKLJ < 2 0 0 ,  s t a r t  a  new i t e r a t i o n .  
I f  JKLJ = 2 0 0 ,  s t o r e  V l ( J )  i n  V 2 ( J )  ( f o r  
J = 1 t o  NZ)  and  s t a r t  t h e  l a s t  i t e r a t i o n .  
I f  J K L J  = 2 0 1 ,  c o m p u t e  and  p r i n t  o u t  t h e  
p e r c e n t  e r r o r ,  100  [ v ~ ( J )  - v ~ ( J ) ] / v ~ ( J )  
( f o r  J = 1 t o  NZ),  a n d  r e t u r n .  
c .  S u b r o u t i n e  RWCND ( c f .  Volume 11, p p .  1 5 2 - 1 5 3 )  
Read i n  a n d  p r i n t  o u t  t h e  f o l l o w i n g  c o n t i n u e d - r u n  d a t a .  
S t a t e m e n t  
No. 
( 1 )  NDELT, TE, DELT, DTM1, DTM2, a n d  NITRSM 
( 2 )  V a r i a b l e - s o u r c e  d a t a ,  TOO(1) f o r  I = 1 t o  
1 9 ,  and E P l ( 1 )  f o r  I = 1 t o  ND1 .  
( 3 )  Noda l  and  a u x i l i a r y  unknowns ,  V l ( J )  f o r  
J = 1 t o  NZ. 
( 4 )  C a p a c i t o r  c u r r e n t s ,  C I C ( 1 )  f o r  I = 1 t o  NC. 
( 5 )  I n d u c t o r  c u r r e n t s ,  C I L ( 1 )  f o r  I = 1 t o  NL. 
( 6 )  D i o d e  v a r i a b l e s :  D V ( I ) ,  D R ( I ) ,  and  D I ( I )  
f o r  I = 1 t o  NDIODE. 
( 7 )  T r a n s i s t o r  v a r i a b l e s :  B C V ( I ) ,  B C R ( I ) ,  B C I ( I ) ,  
B E V ( I ) ,  B E R ( I ) ,  a n d  B E I ( 1 ) f o r  I = 1 t o  NTRANS. 
( 8 )  M a g n e t i c - c o r e  v a r i a b l e s :  F M S ( I ) ,  F M 2 ( I ) ,  F M l ( I ) ,  
P H I M 3 ( I ) ,  P H I M 2 ( 1 ) ,  P H I M l ( I ) ,  P H D T E M ~ ( I ) ,  
PHDTMP(I), PHDTMl(I) ,  a n d ,  f o r  J = 1 t o  
N W ( I ) ,  w i n d i n g  c u r r e n t s  C I C O R ~ ( I ,  J )  f o r  
I = 1 t o  NCORE. 
( 9 )  R e t u r n .  
D. P r o g r a m  S e g m e n t a t i o n  
The  memory o c c u p a n c i e s  o f  t h e  m a i n  p r o g r a m  a n d  t h e  s u b r o u t i n e s  o f  
MTRAC a r e  l i s t e d  i n  T a b l e  VIII. T h e  t o t a l  memory o c c u p a n c y  i s  4 5 , 6 0 0  
w o r d s  ( d u r i n g  l o a d i n g ,  t h e  r e q u i r e d  o c c u p a n c y  i s  5 1 , 1 0 0  w o r d s ) .  I n  
o r d e r  t o  c u t  t h i s  number  down, we h a v e  d i v i d e d  t h e  MTRAC p r o g r a m  i n t o  
f i v e  s e g m e n t s  t h a t  a r e  l i s t e d  i n  T a b l e  I X .  The  maximum memory o c c u p a n c y  
( i n c l u d i n g  l o a d i n g )  i s  t h e r e b y  r e d u c e d  t o  36 ,  400 w o r d s ,  o r  7 1  p e r c e n t  o f  
o f  t h e  u n s e g m e n t e d  o c c u p a n c y .  
I n i t i a l l y ,  Segment  FIXED i s  l o a d e d  i n t o  memory a n d  s t a y s  t h e r e  d u r -  
i n g  t h e  e n t i r e  r u n .  The  r e m a i n i n g  s e g m e n t s  a r e  l o a d e d  i n t o  memory f o l l o w -  
i n g  i n s t r u c t i o n s  f rom t h e  main  p r o g r a m .  S e e  F i g .  32 .  
T a b l e  I X  
SEGMENTATION O F  MTRAC 
RWCORE, RIVCORF, R\VCORH, a n d  RWCND 
S E Q a ,  INTIAL, ELEM, IVS,  RES, CAP, IND, ZEN, DIOD, 
TRAN, a n d  CORE 
Segment  RWDATA i s  l o a d e d  i n t o  memory i n  o r d e r  t o  r e a d  i n  and  p r i n t  
o u t  t h e  g e n e r a l  i n p u t  d a t a .  U s i n g  t h i s  s e g m e n t  and  Segment  RWCORS, which  
i s  l o a d e d  s u b s e q u e n t l y  i n t o  memory, t h e  i n p u t  d a t a  o f  t h e  c i r c u i t  e l e m e n t s  
a r e  r e a d  i n  and  p r i n t e d  o u t .  
I f  t h e  r u n  i s  c o n t i n u e d  (KONT = l ) ,  t h e n  Segment  RWCORS i s  a l s o  u s e d  
t o  c a l l  S u b r o u t i n e  RWCND i n  o r d e r  t o  r e a d  i n  and  p r i n t  o u t  t h e  c o n t i n u e d -  
r u n  d a t a .  T h i s  i s  f o l l o w e d  by l o a d i n g  Segment  SOLVE i n t o  memory. I f  t h e  
r u n  i s  n o t  c o n t i n u e d  (KONT = 0 ) ,  t h e n  Segment  SOLVE i s  u s e d  to c o m p u t e  
( p a r t i a l l y  i f  NG # -1, o r  f u l l y  i f  NG = -1) t h e  i n i t i a l  c o n d i t i o n s .  
S e g m e n t  SOLVE i s  now u s e d  to ,  c o m p u t e  t h e  t r a n s i e n t  s o l u t i o n .  
U s u a l l y ,  m o s t  o f  t h e  c o m p u t e r - r u n  t i m e  i s  s p e n t  on t h i s  s o l u t i o n .  
When t h e  mode r u n  t e r m i n a t e s  o r  r e s u l t s  a r e  t o  b e  p l o t t e d ,  S e g -  
ment  PLOTS i s  l o a d e d  i n t o  memory i n  o r d e r  t o  p r i n t - p l o t ,  p l o t ,  a n d  
punch  c a r d s .  
I f  t h e  mode h a s  n o t  t e r m i n a t e d ,  t h e n  Segment  SOLVE i s  r e l o a d e d  t o  
c o n t i n u e  t h e  t r a n s i e n t  s o l u t i o n ;  o t h e r w i s e ,  Segment  RWDATA i s  r e l o a d e d  
t o  e i t h e r  r e a d  i n  new d a t a  o r  e x i t .  

I l l  A P P L I C A T I O N  
We s h a l l  f i r s t  d e s c r i b e  how t h e  a u x i l i a r y  v a r i a b l e s  and  i n p u t - d a t a  
c a r d s  a r e  e n t e r e d  by t h e  u s e r ,  and  t h e n  a p p l y  MTFAC t o  t r a n s i e n t  a n a l y s e s  
o f  s e v e r a l  m a g n e t i c -  c o r e  c i r c u i t s .  
A. U s e r ' s  G u i d e  
1. S u b r o u t i n e  AUX(K) 
S u b r o u t i n e  AUX(K) i s  w r i t t e n  i n  t h e  FORTRAN-IV l a n g u a g e ,  and  i s  
c o m p i l e d  a s  a  s o u r c e  d e c k  b e f o r e  t h e  MTRAC p r o g r a m  i s  t r a n s f e r r e d  f rom 
a  b i n a r y  s t o r a g e  ( o n  d i s k  o r  on t a p e )  i n t o  memory. 
As shown i n  F i g .  3 1 ,  S u b r o u t i n e  ELEM c a l l s  S u b r o u t i n e  AUX(K) t w i c e :  
(1 )  AUX(0) i s  c a l l e d  i n  P a r t  ( I ) ,  b e f o r e  c a l l i n g  t h e  
c i r c u i t - e l e m e n t  s u b r o u t i n e s  t o  f i l l  t h e  H and T 
a r r a y s ,  a n d  
( 2 )  AUX(1) i s  c a l l e d  i n  P a r t  ( 2 ) ,  a f t e r  c o n v e r g e n c e  
h a s  b e e n  a c h i e v e d .  
C a l l i n g  AUX(0) i n  P a r t  ( 1 )  a l l o w s  t h e  u s e r  t o  d e f i n e  v a r i a b l e  s o u r c e s  
by a r b i t r a r y  f u n c t i o n s ,  new c i r c u i t - e l e m e n t  m o d e l s  t h a t  w i l l  c o n t r i b u t e  
t o  t h e  H and  T a r r a y s ,  e t c .  The c o r r e s p o n d i n g  c a r d s  a r e  i n s e r t e d  b e t w e e n  
S t a t e m e n t  No. 9000  and  t h e  f o l l o w i n g  RETURN c a r d  ( c f .  t h e  l i s t i n g  o f  Sub-  
r o u t i n e  AUK(K) shown l a t e r  i n  F i g .  3 6 ,  p .  1 2 6 ) .  
C a l l i n g  AUX(1) i n  P a r t  ( 2 )  a l l o w s  t h e  u s e r  t o  d e f i n e  NAUX a u x i l i a r y  
unknowns t h a t  w i l l  b e  p a r t  o f  t h e  p r i n t e d  o u t p u t .  I f  s p e c i f i e d  by t h e  
u s e r ,  some o r  a l l  o f  t h e s e  a u x i l i a r y  unknowns will a l s o  be  p a r t  o f  t h e  
p r i n t - p l o t t e d  a n d / o r  p l o t t e d  o u t p u t .  An a u x i l i a r y  unknown may b e  v o l t a g e  
d i f f e r e n c e ,  c u r r e n t ,  F ,  q5, o r  q5 o f  a  g i v e n  c o r e ,  p o w e r ,  o r  any l e g i t i m a t e  
f u n c t i o n  o f  r e c o g n i z e d  p r o g r a m  v a r i a b l e s .  The  NAUX a u x i l i a r y  unknowns 
a r e  s t o r e d  i n  t h e  V( ) a r r a y  a f t e r  t h e  NV n o d a l  v o l t a g e s  h a v e  b e e n  s t o r e d .  
H e n c e ,  t h e  NAUX a u x i l i a r y  unknowns a r e  d e f i n e d  i n  S u b r o u t i n e  AUX(K) a s  
V(NV t 1 )  t h r o u g h  V(NV t NAUX). I n s t r u c t i o n s  f o r  d e f i n i n g  t h e  m o s t  com- 
mon a u x i l i a r y  unknowns a r e  g i v e n  a s  f o l l o ~ v s .  
V o l t a g e  d i f f e r e n c e :  U s e  unknown n o d a l  v o l t a g e s .  F o r  e x a m p l e ,  i n  a  c i r -  
c u i t  w i t h  NV = 1 5  f l o a t i n g  n o d e s ,  t h e  v o l t a g e  f rom Node No. 8 t o  Node . 
No. 1 2  may b e  d e f i n e d  a s  
C u r r e n t :  U s e  o n e  o f  t h e  f o l l o w i n g  p r o g r a m  names i n  o r d e r  t o  d e f i n e  a  
c u r r e n t  t h r o u g h  an N t h  c i r c u i t  e l e m e n t .  
C i r c u i t  e l e m e n t  P r o g r a m  name f o r  c u r r e n t  
C u r r e n t  s o u r c e  o r  f l o a t i n g -  
v o l t a g e  s o u r c e  CIIVS(N) 
R e s i s t o r  CIR(N) 
C a p a c i t o r  CIC(N) 
I n d u c t o r  CIL(N) 
Z e n e r  d i o d e  
D i o d e  
T r a n s i s t o r  
C o l l e c t o r  
E m i t t e r  
C o r e ,  J t h  w i n d i n g  
T h e  r e f e r e n c e s  f o r  p o s i t i v e  d i r e c t i o n s  o f  t h e s e  c u r r e n t s  a r e  d e f i n e d  
i n  t h e  i n s t r u c t i o n s  f o r  i n p u t - d a t a  c a r d s ,  which  a r e  g i v e n  on p p .  1 - 4 6  o f  
V o l .  11. T h e s e  d i r e c t i o n s  c o n f o r m  t o  t h e  c o r r e s p o n d i n g  d i r e c t i o n s  i n  
F i g s .  7 a n d  1 1 ,  8 ,  1 2 ,  1 3 ,  1 4 ,  1 5 ,  1 8 ,  and  1 9 .  F o r  e x a m p l e ,  a  c u r r e n t  
t h r o u g h  t h e  3 r d  w i n d i n g  o f  t h e  2nd c o r e ,  f l o w i n g  i n  t h e  n e g a t i v e  d i r e c -  
t i o n  ( t o p  t e r m i n a l  t o  b o t t o m  t e r m i n a l ) ,  may b e  d e f i n e d  a s  
F ,  4, and  4 :  Use  t h e  f o l l o w i n g  p r o g r a m  names .  
V a r i a b l e  o f  N t h  c o r e  P r o g r a m  name 
4 PHI (N) 
F o r  e x a m p l e ,  t h e  f l u x  o f  C o r e  1 may b e  d e f i n e d  a s  
Power :  Use t h e  p r o p e r  f o r m u l a .  F p r  e x a m p l e ,  t h e  p o w e r  d i s s i p a t e d  i n  
R e s i s t o r  R5, which  i s  c o n n e c t e d  b e t w e e n  Nodes  3 and 6 ,  may b e  d e f i n e d  a s  
T h e r e  a r e  two e x c e p t i o n s :  The p o w e r  d i s s i p a t e d  i n  d i o d e s  and  t r a n s i s t o r s  
a r e  computed  by S u b r o u t i n e s  DIOD a n d  TRAN, and  may b e  d e f i n e d  by u s i n g  
t h e  f o l l o w i n g  p r o g r a m  names .  
P r o g r a m  name 
N t h  d i o d e  
N t h  t r a n s i s t o r  
2 .  I n p u t  D a t a  C a r d s  
I n p u t  d a t a  a r e  e n t e r e d  i n  f i x e d  f o r m a t s  w i t h i n  t h e  f i r s t  7 2  c o l u m n s .  
U s u a l l y ,  t h e  0 - 7 2  c o l u m n s  o f  an i n p u t - d a t a  c a r d  a r e  d i v i d e d  i n t o  s i x  
s e c t i o n s ,  e a c h  c o n s i s t i n g  o f  1 2  c o l u m n s .  An I 1 2  f o r m a t  i s  u s e d  f o r  an 
i n t e g e r  number ,  an E 1 2 . 5  f o r m a t  f o r  a  f l o a t i n g  number ,  a n  F 1 2 . 0  f o r m a t  
f o r  an i n t e g e r  number t h a t  i s  t r e a t e d  i n  t h e  p r o g r a m  a s  a  f l o a t i n g  n u m b e r ,  
and an A6 ( o r  2A6) f o r m a t  f o r  an a l p h a n u m e r i c  name o f  up t o  s i x  ( o r  up 
t o  1 2 )  c h a r a c t e r s .  
T h e  i n p u t - d a t a  c a r d s  a r e  d e s i g n a t e d  i n  Columns 7 6 - 8 0  by 5 - d i g i t  
i d e n t i f i c a t i o n  n u m b e r s ,  w h i c h  a r e  n o t  r e a d  i n  by t h e  p r o g r a m .  A l t h o u g h  
t h e s e  n u m b e r s  a r e  n o t  a l w a y s  c o n s e c u t i v e  ( t h e r e  a r e  many g a p s ) ,  t h e  c a r d s  
m u s t  b e  f e d  i n  t h e  o r d e r  o f  i n c r e a s i n g  i d e n t i f i c a t i o n  n u m b e r s .  The  t o t a l  
number o f  i n p u t - d a t a  c a r d s  i s  n o t  f i x e d ,  s i n c e  i t  d e p e n d s  on t h e  amount 
o f  i n f o r m a t i o n  t o  b e  r e a d  i n .  I n  F i g .  2 9 ,  f o r  e x a m p l e ,  n o  c a r d  w i l l  f o l -  
low t h e  f i r s t  c a r d  i f  NCE = 0 ,  w h e r e  NCE i s  t h e  number o f  t h e  c i r c u i t  
e l e m e n t s  o f  a  g i v e n  t y p e .  
T h e  i n s t r u c t i o n s  f o r  t h e  o r d e r  and c o n t e n t s  o f  t h e  i n p u t - d a t a  c a r d s  
a r e  g i v e n  on  p p .  1 - 4 6  o f  V o l .  11. The  e x a m p l e s  g i v e n  t h e r e  u s u a l l y  h a v e  
no c o r r e l a t i o n  w i t h  e a c h  o t h e r .  
F o r  a  w o r s t - c a s e  a n a l y s i s ,  t h e  maximum d e v i a t i o n  DMAX ( i n  p e r c e n t )  
o f  t h e  p a r a m e t e r  v a l u e s  i s  l a r g e r  t h a n  z e r o .  I n  t h i s  c a s e ,  t h e  p r o g r a m  
m u l t i p l i e s  t h e  v a l u e  o f  e a c h  i n p u t  p a r a m e t e r  by [1 + ( S  . D M A X / ~ O O ) ] ,  
where  S  i s  e q u a l  t o  t l ,  0 ,  o r  -1. The v a l u e  o f  S d e p e n d s  on  t h e  s i g n  o f  
t h e  p a r a m e t e r  c h a n g e  i n  a  d i r e c t i o n  t o  u s u a l l y  w o r s e n  t h e  c i r c u i t  b e h a v i o r .  
I f  DMAX > 0 ,  t h e n  i n p u t - d a t a  c a r d s  t h a t  c o n t a i n  t h e  S  v a l u e s  m u s t  f o l l o w  
t h e  i n p u t - d a t a  c a r d s  o f  e a c h  c i r c u i t -  e l e m e n t  t y p e .  The  i n s t r u c t i o n s  f o r  
t h e s e  c a r d s  a r e  g i v e n  on pp .  47-59  o f  V o l .  11. A g a i n ,  t h e  exampl e s  g i v e n  
h a v e  no c o r r e l a t i o n  w i t h  e a c h  o t h e r .  N o t e  t h a t  d e v i a t i o n  o f  p a r a m e t e r  
v a l u e s  o t h e r  t h a n  iDMAX p e r c e n t  may a l s o  b e  i n s e r t e d  by l e t t i n g  t h e  v a l u e s  
o f  S b e  d i f f e r e n t  f rom + I ,  -1, o r  0  
I f  t h e  r u n  i s  c o n t i n u e d ,  t h e  c a r d s  t h a t  h a d  b e e n  p u n c h e d  a t  t h e  e n d  
o f  t h e  p r e v i o u s l y  t e r m i n a t e d  r u n  a r e  e n t e r e d  f o l l o w i n g  t h e  i n p u t - d a t a  
c a r d  d e c k .  
3 .  C o n v e r g e n c e  P r o b l e m s  
Not  e v e r y  i t e r a t i v e  c o m p u t a t i o n  o f  c i r c u i t  v a r i a b l e s  i s  g u a r a n t e e d  
t o  c o n v e r g e .  U s u a l l y ,  c o n v e r g e n c e  i s  n o t  a c h i e v e d  i f  t h e  c o n v e r g e n c e  i s  
s l o w  and  t h e  v a l u e s  o f  ITRTST and MAXMIN ( C a r d  0 0 0 0 3 )  a r e  t o o  l o w .  I n  
t h i s  c a s e ,  b e f o r e  h a v i n g  t h e  c h a n c e  t o  c o n v e r g e ,  At i s  c u t  down v e r y  
s e v e r e l y  a n d ,  a s  a  r e s u l t ,  t e r m s  t h a t  i n c l u d e  A t  i n  t h e  d e n o m i n a t o r  b low 
up d u e  t o  t h e  compute r  r o u n d - o f f  e r r o r .  
C o n v e r g e n c e  may b e  s l o w e d  down by s u c h  f a c t o r s  a s  t h e  f o l l o w i n g :  
(1)  An i n c r e a s e  i n  t h e  number  o f  n o n l i n e a r  c i r c u i t  
e l e m e n t s ,  i .  e . ,  t w i c e  t h e  number o f  t r a n s i s t o r s  
p l u s  t h e  number  o f  d i o d e s  p l u s  t h e  t o t a l  number  
o f  c o r e  w i n d i n g s .  
( 2 )  Very  s l o w  r a t e  o f  m a g n e t i c  f l u x  s w i t c h i n g .  
( 3 )  T r a n s i s t o r  s w i t c h i n g  from o n e  s t a t e  t o  a n o t h e r .  
I f  a  r u n  i s  t e r m i n a t e d  due  t o  a  f a i l u r e  t o  c o n v e r g e ,  t h e n  t h e  f o l -  
l o w i n g  s t e p s  a r e  s u g g e s t e d  t o  a i d  c o n v e r g e n c e :  
( 1 )  Check t h e  p r i n t o u t  f o r  p o s s i b l e  e r r o r s  i n  t h e  
i n p u t  d a t a .  
( 2 )  I n c r e a s e  t h e  v a l u e s  o f  ITRTST and MAXMIN i n  
C a r d  0 0 0 0 3 .  ( Q u i t e  f r e q u e n t l y ,  t h i s  s t e p  i s  
a l l  t h a t  i s  r e q u i r e d .  ) 
( 3 )  S e t  LASTIC = 0  i n  C a r d  8 0 0 0 1  
( 4 )  Check w h e t h e r  t h e  maximum a l l o w e d  r e l a t i v e  and  
a b s o l u t e  e r r o r s  o f  c o r e - w i n d i n g  c u r r e n t s  i n  
C a r d s  8 0 0 0 1  m a t c h  t h e  c i r c u i t  c o n d i t i o n s .  T h e r e  
a r e  optimum v a l u e s  f o r  t h e s e  e r r o r s  which  m a x i m i z e  
c o n v e r g e n c e  e f f i c i e n c y .  
( 5 )  D e c r e a s e  t h e  v a l u e s  o f  s h u n t  r e s i s t a n c e s  a c r o s s  
c i r c u i t  e l e m e n t s  t h a t  l i m i t  b r a n c h  c u r r e n t s  t o  
e x t r e m e l y  low v a l u e s .  
( 6 )  O b t a i n  MONITOR p r i n t o u t  ( b y  s e t t i n g  t h e  c o n t r o l s  
i n  C a r d  0 0 0 0 1 )  and e x a m i n e  t h e  v a l u e s  o f  t h e  
r e s u l t s .  I f  any r e s u l t s  make n o  s e n s e ,  t r a c e  b a c k  
t o  f i n d  t h e  s o u r c e  o f  e r r o r .  
4 .  C o r e  P a r a m e t e r s  
T h e r e  a r e  t w e n t y - f o u r  " 4 F "  c o r e  p a r a m e t e r s ,  h a l f  o f  which  d e s c r i b e  
t h e  dynamic  p r o p e r t i e s  o f  t h e  c o r e  ( s e e  C a r d s  8 0 1 2 0  t h r o u g h  8 0 1 2 4 ) .  Many 
a  u s e r  would  b e  u n a b l e  t o  p r o v i d e  t h e  v a l u e s  o f  a l l  of  t h e s e  p a r a m e t e r s .  
I n  s u c h  a  c a s e ,  i f  b l a n k s  a r e  p e r m i t t e d ,  i t  i s  h i g h l y  recommended t o  l e a v e  
t h e s e  v a l u e s  b l a n k  r a t h e r  t h a n  e n t e r  e s t i m a t e d  v a l u e s .  T h e  e s t i m a t e d  
v a l u e s  would m o s t  l i k e l y  be  w o r s e  o f f  t h a n  t h e  v a l u e s  computed  i n t e r n a l l y  
by t h e  p r o g r a m  f rom o t h e r  g i v e n  p a r a m e t e r s .  I n  a d d i t i o n ,  computed  d y n a m i c  
p a r a m e t e r s  would  y i e l d  a  s m o o t h e r  @ p ( F )  f u n c t i o n ,  t h u s  i m p r o v i n g  t h e  c o n -  
v e r g e n c e  c o n d i t i o n s .  However ,  a  minimum o f  f o u r  dynamic  p a r a m e t e r s  
( F : , F B ,  F o ,  a n d  p p )  m u s t  b e  e n t e r e d  by t h e  u s e r .  F o r t u n a t e l y ,  t h e s e  
p a r a m e t e r s  a r e  e a s i l y  d e t e r m i n e d  f rom an e x p e r i m e n t a l  4 ( F )  c u r v e  ( s e e  
P 
F i g .  2 4 ) .  
B .  T r a n s i e n t  A n a l y s e s  o f  M a g n e t i c - C o r e  C i r c u i t s  
T r a n s i e n t  a n a l y s e s  o f  t h e  f o l l o w i n g  m a g n e t i c - c o r e  c i r c u i t s  w e r e  p e r -  
f o r m e d  u n d e r  t h i s  p r o j e c t  by t h e  MTRAC p r o g r a m :  
(1) A c o r e  d r i v e n  by a  c o n s t a n t - a m p l i t u d e  c u r r e n t  s o u r c e  
a n d  l o a d e d  by R ,  L ,  C ,  a n d  a  d i o d e ,  a l l  i n  s e r i e s .  
( T h e  same c i r c u i t  was a n a l y z e d  by a  s p e c i a l  p r o g r a m  
i n  R e p o r t s  3 and 4 .  ) 
( 2 )  A c o r e - d i o d e - t r a n s i s t o r  b i n a r y  c o u n t e r .  (The  same 
c i r c u i t  was a n a l y z e d  by a  s p e c i a l  p r o g r a m  i n  
R e p o r t  5 . )  
( 3 )  A  c o r e - d i o d e  s h i f t  r e g i s t e r  
( 4 )  A t w o - p h a s e  c u r r e n t  d r i v e r .  
( 5 )  An i n f o r m a t i o n - s e n s i n g  d r i v e r .  
The r e s u l t s  o f  t h e  f i r s t  two c i r c u i t s  a r e  v e r y  s i m i l a r  t o  t h o s e  i n  
R e p o r t s  3 t h r o u g h  5 .  We s h a l l ,  t h e r e f o r e ,  d e s c r i b e  t h e  a n a l y s e s  o f  t h e  
l a s t  t h r e e  c i r c u i t s  o n l y .  
B e f o r e  we a n a l y z e  e a c h  c i r c u i t  s e p a r a t e l y ,  l e t  u s  d e s c r i b e  how t h e s e  
t h r e e  c i r c u i t s  a r e  combined  i n t o  an o v e r a l l  t i m e r  c i r c u ~ t ,  w h i c h  i s  shown 
s c h e m a t i c a l l y  i n  F i g .  33.  
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Figure 33 A SCHEMATIC DIAGRAM OF A TIMER CIRCUIT 
The  c l o c k  p u l s e  t r i g g e r s  t h e  s e t t i n g  o f  two c o r e s  ( C o r e  1 and C o r e  2 )  
i n  t h e  a - p  d r i v e r ,  and  t h u s  f i x e s  t h e  o p e r a t i o n  r a t e  o f  t h e  t i m e r  c i r c u i t .  
The  a-,B d r i v e r  p r o v i d e s  t h e  Advance c u r r e n t  p u l s e s  i a  a n d  i f o r  t h e  P 
f e e d b a c k  s h i f t  r e g i s t e r  a n d  t h e  o u t p u t  c i r c u i t ,  and  t r i g g e r s  t h e  INFO 
d r i v e r .  
The  9 + 2 = 1 1 - b i t  c o r e - d i o d e  f e e d b a c k  s h i f t  r e g i s t e r  h a s  
2 9 f 2  - 1 = 2047 d i f f e r e n t  s t a t e s .  An o u t p u t  s i g n a l  i s  g e n e r a t e d  a f t e r  
t h e  00000000001  s t a t e  i s  r e a c h e d .  
R e f e r r i n g  t o  F i g .  34 ,  t h e r e  a r e  t o t a l l y  t w e n t y - f i v e  c o r e s  i n  t h e  
t i m e r  c i r c u i t s :  ( 1 )  2  x 11 = 22 s h i f t - r e g i s t e r  c o r e s ,  C o r e s  a l  t h r o u g h  
a l l  ( w h i c h  a r e  t r a n s m i t t e r s  a t  t h e  a  p h a s e )  and  C o r e s  PI  t h r o u g h  P l l  
( w h i c h  a r e  t r a n s m i t t e r s  a t  t h e  P p h a s e ) ,  ( 2 )  an  i n p u t  c o r e ,  C o r e  P o ,  
w h i c h  r e c e i v e s  a  ONE o r  a  ZERO s t a t e  a t  t h e  a  p h a s e  and  t r a n s m i t s  t h i s  
Figure 34 TRANSFER OF  STATES I N  A TIMER CIRCUIT DURING 
THE 0 PHASE (Transmitting 0 cores are designated by 
circles; receiving a cores are designated by squares) 
s t a t e  t o  C o r e  a l  a t  t h e  p p h a s e ,  ( 3 )  an  a u x i l i a r y  c o r e ,  C o r e  P:~, w h i c h  
r e c e i v e s  f r o m  C o r e  a I 0  ( a t  t h e  a  p h a s e )  t h e  same s t a t e  r e c e i v e d  by 
C o r e  Pzoj a n d  ( 4 )  t h e  o u t p u t  c o r e ,  C o r e  aoU,, w h i c h  s t a y s  i n  t h e  ZERO 
s t a t e  u n t i l  C o r e s  Po t h r o u g h  P9 t r a n s m i t  ZERO s t a t e s  a n d  C o r e s  p l o  a n d  
P:, t r a n s m i t  ONE s t a t e s  ( a t  t h e  p p h a s e )  T h e  l o g i c a l  f u n c t i o n  
i s  r e a l i z e d  by a n  i n h i b i t - M M F  l o g i c ,  a s  i s  e v i d e n t  f r o m  F i g .  3 4 .  
The  INFO d r i v e r  i s  t r i g g e r e d  a t  t h e  a  p h a s e  by ( 1 )  a  ONE p u l s e  i n  t h e  
INFOIN p u l s e  t r a i n ,  w h i l e  t h e  r e g i s t e r  i s  l o a d e d  i n i t i a l l y  t o  t h e  d e s i r e d  
s t a t e ,  o r  ( 2 )  t h e  i a  c u r r e n t  p u l s e ,  when e i t h e r  C o r e  P9 o r  C o r e  P l l  r e -  
c e i v e s  a  ONE, b u t  n o t  b o t h  ( a n  EXCLUSIVE-OR f u n c t i o n ,  c h a r a c t e r i s t i c  o f  
f e e d b a c k  s h i f t  r e g i s t e r s ) .  When t r i g g e r e d ,  t h e  INFO d r i v e r  g e n e r a t e s  a  
c u r r e n t  p u l s e  w h i c h  ( 1 )  s e t s  C o r e  Po t o  a ONE s t a t e ,  a n d  ( 2 )  d r i v e s  
C o r e  a o u t  t o w a r d  n e g a t i v e  s a t u r a t i o n .  I f  a t  t h e  o u t s e t  o f  t h e  a p h a s e  
t h e  s t a t e  00000000001  i s  s t o r e d  i n  C o r e s  a l  t h r o u g h  a l l ,  t h e n  C o r e  a o u t  
w i l l  b e  c l e a r e d  f r o m  a  ONE s t a t e  t o  a  ZERO s t a t e ,  t h u s  g e n e r a t i n g  an o u t -  
p u t  s i g n a l .  
L e t  u s  now d e s c r i b e  t h e  o p e r a t i o n  and  t h e  MTRAC a n a l y s i s  o f  e a c h  
c i r c u i t  s e p a r a t e l y .  
1. A C o r e - D i o d e  S h i f t  R e g i s t e r  
a .  C i r c u i t  O p e r a t i o n  
The c i r c u i t  d i a g r a m  o f  a  t w o - b i t  c o r e - d i o d e  s h i f t  r e g i s t e r  a n d  
p a r t  o f  t h e  d r i v e r  c i r c u i t  f o r  o n e  o f  i t s  two p h a s e s  ( t h e  a p h a s e )  i s  
shown i n  F i g .  35.  The  d r i v e r  c i r c u i t  o f  t h e  P p h a s e  i s  i d e n t i c a l  w i t h  
t h a t  o f  t h e  a p h a s e .  From t h e  v i e w  p o i n t  o f  f l u x - g a i n  b e h a v i o r ,  t h i s  
c i r c u i t  may s i m u l a t e  a  1 2 - b i t  s h i f t  r e g i s t e r  c o n t a i n i n g  any  i n f o r m a t i o n  
p a t t e r n .  From t h e  v i e w  p o i n t  o f  l o a d i n g  t h e  d r i v e r  c i r c u i t ,  t h i s  c i r c u i t  
may r e p r e s e n t  a 1 2 - b i t  s h i f t  r e g i s t e r  w i t h  a l l  ONEs, a l l  ZEROs, o r  s i x  
ONEs and s i x  ZEROs; t h i s  i s  a c h i e v e d  by l e t t i n g  Wind ing  No. 1 o f  e a c h  
t r a n s m i t t e r  c o r e  r e p r e s e n t  s i x  s u c h  w i n d i n g s  i n  s e r i e s  a c r o s s  i d e n t i c a l l y  
s w i t c h i n g  c o r e s  ( s e e  S e c .  I - C - 1 - b ,  p p .  4 3 - 4 5 ) .  
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C o n s i d e r  t h e  a p h a s e  i n  w h i c h  C o r e s  1 and 3 a r e  t r a n s m i t t e r s ,  
w h i l e  C o r e s  2  and 4  a r e  r e c e i v e r s .  I n i t i a l l y ,  + 2  = + 4  = - + r ,  b u t  4 ,  
and  @ 3  may h a v e  d i f f e r e n t  v a l u e s  r e p r e s e n t i n g  s t a t e s  o f  ONE and  ZERO. 
A l s o ,  C a p a c i t o r  C1 i s  f u l l y  c h a r g e d  f rom t h e  v o l t a g e  s o u r c e  S1 t o  
V s l  = 28 .0V.  The s e c o n d  v o l t a g e  s o u r c e ,  V S 2 ,  r e p r e s e n t s  t h e  v o l t a g e  
a c r o s s  a  z e n e r  d i o d e  whose n o m i n a l  v o l t a g e  i s  4 . 7 V .  The  z e n e r  d i o d e  i s  
p a r t  o f  t h e  u-p d r i v e r ,  w h i c h  i s  shown l a t e r  ( s e e  Z e n e r - D i o d e  21 i n  
F i g .  4 0 ) .  R e s i s t o r  R1, T r a n s i s t o r  T I ,  and I n d u c t o r  L l  r e p r e s e n t  two 
s i m i l a r  c i r c u i t s  i n  p a r a l l e l  i n  t h e  a c t u a l  c i r c u i t ;  t h e  v a l u e s  o f  e a c h  
R 1 ,  R L ,  L o ,  and  l/Ic,, of  e a c h  o f  t h e s e  a c t u a l  e l e m e n t s  a r e  t w i c e  t h o s e  
shown i n  F i g .  3 5 .  
A s  V s 2  r i s e s  t o  i t s  c o n s t a n t  v a l u e  o f  5 . 0  v o l t s ,  T r a n s i s t o r  T1 
e n t e r s  t h e  a c t i v e  r e g i o n  a n d  t h e  d r i v e  c u r r e n t ,  i,,  r i s e s  t o  a  c o n s t a n t  
v a l u e  and s t a y s  a t  t h i s  v a l u e  a s  l o n g  a s  V S 2  i s  c o n s t a n t .  C o n s e q u e n t l y ,  
C o r e s  1 and  3  a r e  s w i t c h e d  t o  n e g a t i v e  s a t u r a t i o n ,  and t h e  r e s u l t i n g  
f o r w a r d  l o o p  c u r r e n t s  s w i t c h  C o r e s  2  and 4 t o  t h e  i n i t i a l  s t a t e s  o f  
C o r e s  1 and  3 ,  r e s p e c t i v e l y .  S u c c e e d i n g  modes i n  which  t h e  c o r e s  i n t e r -  
c h a n g e  f u n c t i o n s  may be  a d d e d  t o  t h e  a n a l y s i s .  
b .  I n p u t  D a t a  
Our o b j e c t i v e s  a r e  t o  o b t a i n  a  c o m p u t e r  s o l u t i o n  o f  t h e  i n i t i a l  
c o n d i t i o n s  and  a  t r a n s i e n t  a n a l y s i s  d u r i n g  t h e  p h a s e  ( 0  5 t  5 2 4 . 0  p s ) ,  
and  t o  p l o t  t h e  r e s u l t i n g  waveforms  o f  i , ( t ) ,  t h e  f o r w a r d  l o o p  c u r r e n t ,  
L.e f ' ( t ) ,  and  + ( t )  o f  e a c h  c o r e .  T h e s e  r e s u l t i n g  waveforms  w i l l  be  v e r i f i e d  
e x p e r i m e n t  a l l y .  
I n  F i g .  3 5 ,  we d e s i g n a t e  t h e  v o l t a g e  s o u r c e s  S1 and  S2 a n d  t h e  
f o l l o w i n g  c i r c u i t  e l e m e n t s :  R e s i s t o r s  R 1  and R2 ,  C a p a c i t o r  C1,  
I n d u c t o r  L 1 ,  D i o d e s  D l  t h r o u g h  D5, T r a n s i s t o r  T I ,  a n d  C o r e s  1 t h r o u g h  4 .  
The  i n d e x  number and  number o f  t u r n s  o f  e a c h  c o r e  w i n d i n g  a r e  a l s o  
d e s i g n a t e d .  \Ye d e s i g n a t e  t h e  f l o a t i n g  n o d e s  by I n d e x  Numbers 1 t h r o u g h  
1 4 ;  t h e  c o r r e s p o n d i n g  unknown v o l t a g e s  a r e  V(1)  t h r o u g h  V ( 1 4 ) .  Twenty-  
t h r e e  a u x i l i a r y  unknowns,  which  a r e  t o  be  p a r t  o f  t h e  o u t p u t ,  a r e  d e s -  
i g n a t e d  by V(15)  t h r o u g h  V(37)  i n  F i g .  3 5 .  
The d a t a  e n t r y  c o n s i s t s  o f  S u b r o u t i n e  AUX(K), w h e r e  V(15)  
t h r o u g h  V(37)  a r e  d e f i n e d ,  and t h e  i n p u t - d a t a  c a r d s .  The  l i s t i n g  o f  
S u b r o u t i n e  AUX(K) i s  shown i n  F i g .  3 6 .  The l i s t i n g  o f  t h e  i n p u t - d a t a  
c a r d s  i s  shown i n  F i g .  3 7 ,  and s h o u l d  b e  compared  w i t h  t h e  i n s t r u c t i o n  
on p p .  1 - 4 6  o f  V o l .  11. N o t e  i n  Columns 2 5 - 3 6  o f  C a r d s  8 0 1 0 0  and  8 0 3 0 0  
t h a t  i n i t i a l l y ,  b o t h  C o r e s  1 and 3  a r e  assumed i n  t h i s  e x a m p l e  t o  b e  i n  
a  ONE s t a t e .  
S@ROUTINE AUX I K ) AUX a010  
C AUX(KI ALLOWS THE USER TO DEFINE NEW FUNCTIONS AND AUXILIARY VARIABLES 
c . . . . . . . . . . . . . . . . . . . . . . .  
I F  I K 1 9 0 0 0  9 9 0 0 0 r 9 0 0 1  AUX 0 0 2 0  
9 0 0 0  CONTINUE AUX 0 0 3 0  
C - - . - - - - - - - - - - - - - - - - - - - -  
C DEFINE FUNCTIONS W NONSTANDARD MODELSI SOURCES* ETC. WHICH AFFECT 
C THE AND T MATRIX ARRAYS 
C - - - - - - - - - - - - - - - - - - - - - -  
RETURN AUX 0 0 4 0  
9 0 0 1  CONTINUE AUX 0 0 5 0  
C - - - - - - - - - - - - - - - - - - - - - -  
C DEFINE AUXILIARY VARIABLES FOR OUTPUT 
C - - - - - - - - - - - - - - - - - - - - - -  
V1 15)=V(  2 ) -V (  31  AUX 0 0 6 0  
V t 1 6 1 = V I Q ) - V ( 5 )  AUX 0 0 7 0  
V t 1 7 ) = C I C (  1 )  AUX 0 0 8 0  
V t l B ) ~ - C I C O R E (  l r  1 )  AUX 0 0 9 0  
VI19)=CICORE( 1 9 2 )  AUX 0 1 0 0  
VI2O)=C ICORE(3r3  ) AUX 0 1 1 0  
V t 2 l ) = C I C O R E (  39 2 )  AUX 0 1 2 0  
V ( 2 2  )=CICOREI 1 9 3 )  AUX 0 1 3 0  
V ( 2 3 1 = C I L ( 1 )  AUX 0 1 4 0  
V( 24 )=CIR(  1) AUX 0 1 5 0  
V ( 2 5  )=F( 1 )  AUX 0 1 6 0  
V(26 )=PHI  ( 1  J AUX 0 1 7 0  
V( 27 )=PHIDOTI  1 )  AUX 0 1 8 0  
V ( 2 8 ) = F ( Z )  AUX 0 1 9 0  
V ( 2 9 ) = P H I  (2 1 AUX 0 2 0 0  
V (  3O)=PHIDOT( 2 )  AUX 0 2 1 0  
V ( 3 1 1 = F ( 3 )  AUX 0 2 2 0  
V(32 )=PHI  ( 3 )  AUX 0 2 3 0  
V( 331=PHIDOT( 3 1 AUX 0 2 4 0  
V ( 3 4 ) = F ( 4 )  AUX 0 2 5 0  
V(351-PHI  14)  AUX 0 2 6 0  
V( 36)=PHIDOT( 4 )  AUX 0 2 7 0  
V ( 3 7 ) = E 1 (  2 )  AUX 0 2 8 0  
RETURN AUX 0 2 9 0  
C . . . . . . . . . . . . . . . . . . . . . . .  
END AUX 0 3 0 0  
71-6408-46 
Figure 36 LISTING OF SUBROUTINE AUX(K)  FOR THE CORE-DIODE SHIFT-REGISTER 
CIRCUIT I N  FIG. 35 
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CIRCUIT IN FIG. 35 
127 
c .  R e s u l t s  
The c o m p u t e r  p r i n t o u t  o f  t h e  i n p u t  d a t a ,  some o f  t h e  computed  
p a r a m e t e r s ,  a n d  t h e  b e g i n n i n g  o f  t h e  computed  r e s u l t s  a r e  shown i n  
F i g .  3 8 .  
The r e s u l t i n g  computed  p l o t s  a r e  compared  w i t h  e x p e r i m e n t a l  
o s c i l l o g r a m s  i n  F i g .  3 9 .  R e f e r r i n g  t o  F i g .  3 5 ,  t h e s e  i n c l u d e  t h e  wave-  
f o r m s  o f  ( a )  i, = IALPHA = V ( 1 8 ) ,  ( b )  i$f = ILFWD = V ( 1 9 ) ,  
( c )  E PHDOTl = V ( 2 7 ) ,  and  ( d )  @ 2  PHDOT2 = V ( 3 0 ) .  The e x p e r i m e n t a l  
a n d  computed  waveforms  o f  + 2 ( t )  a r e  v e r y  c l o s e  t o  e a c h  o t h e r .  
2 .  A Two-Phase C u r r e n t  D r i v e r  
a .  C i r c u i t  O p e r a t i o n  
The  c i r c u i t  d i a g r a m  o f  t h e  t w o - p h a s e  ( a - P )  c u r r e n t  d r i v e r  i s  
shown i n  F i g .  4 0 .  T h i s  c u r r e n t  g e n e r a t e s  t h e  v o l t a g e - s o u r c e  p u l s e  Vs2  
i n  F i g .  35 a c r o s s  Z e n e r - D i o d e Z 1  f o r  i, and a  s i m i l a r  v o l t a g e  p u l s e  a c r o s s  
Z e n e r - D i o d e  22  f o r  ip. Two modes o f  o p e r a t i o n  a r e  d i s t i n g u i s h e d :  
Mode I: C o r e s  1 and  2  a r e  s e t  f rom @ = -Gr t o  + = + r .  D u r i n g  t h i s  mode, 
T r a n s i s t o r s  T1 and T2 a r e  c u t  o f f .  I n  o r d e r  t o  s h o r t e n  t h e  c o m p u t e r - r u n  
t i m e ,  t h e  e q u i v a l e n t  c i r c u i t  i n  Mode I i s  s i m p l i f i e d  by e l i m i n a t i n g  t h e  
c i r c u i t  p o r t i o n  which  i s  a s s o c i a t e d  w i t h  Nodes  7  t h r o u g h  1 5 .  However ,  
a  v o l t a g e  s o u r c e ,  V S 2 ,  i s  a d d e d  f rom g r o u n d  t o  t h e  t o p  t e r m i n a l  of  
Wind ing  No. 1 o f  C o r e  1. 
Mode I I .  The c u r r e n t  t h r o u g h  Winding  No. 1 o f  C o r e  1 i s  e s s e n t i a l l y  c u t  
o f f ,  and  t h e  c u r r e n t  s t o r e d  i n  I n d u c t o r  L 1  u n b l o c k s  D i o d e  D l .  C o n s e -  
q u e n t l y ,  a  n e g a t i v e  41 i s  g e n e r a t e d  and T r a n s i s t o r  TI  i s  t u r n e d  o n ;  
C o r e  1 i s  t h e n  c l e a r e d  t o  + = -Gr by a  b l o c k i n g - o s c i l l a t o r  a c t i o n  a s  t h e  
c u r r e n t  t h r o u g h  I n d u c t o r  L2 b u i l d s  u p .  Wi th  Node 9  b e i n g  t i e d  t o  t h e  
b a s e  o f  an o u t p u t  t r a n s i s t o r  ( T r a n s i s t o r  T1 i n  F i g .  3 5 ) ,  t h e  l a t t e r  i s  
i n  t h e  a c t i v e  r e g i o n  w h i l e  C o r e  1 i s  s w i t c h i n g .  When c o r e  1 c o m p l e t e s  
s w i t c h i n g ,  T r a n s i s t o r  T1 i s  c u t  o f f ,  and  t h e  c u r r e n t  s t o r e d i n I n d u c t o r  L2 
u n b l o c k s  D i o d e  02. C o n s e q u e n t l y ,  a  n e g a t i v e  $2 i s  g e n e r a t e d  a n d  T r a n s -  
i s t o r  T2 i s  t u r n e d  o n ;  C o r e  2  i s  t h e n  c l e a r e d  t o  4 = -4r by a  b l o c k i n g -  
o s c i l l a t o r  a c t i o n .  With  Node 1 4  t i e d  t o  t h e  b a s e  o f  a  s e c o n d  o u t p u t  
t r a n s i s t o r  ( n o t  shown i n  e i t h e r  F i g .  3 5  o r  F i g .  4 0 ) ,  t h e  l a t t e r  i s  i n  t h e  
a c t i v e  r e g i o n  u n t i l  C o r e  2  c o m p l e t e s  i t s  s w i t c h i n g .  
C I Q C l l  1 T CKT RF 
DVER4LL-RUN OAT4 
L I M I T T = l R O  (COMPUTER-RUN PROCESS T IWE = L I M I T T - 2 0  SFCONnS) 
KONT m - 0  ( 1  e CONTINUED RUN* 0 = OTHERWISE) 
S A V E - V A R I I R L E  DATA 
NSVVAR = - 0  ( 1  = SAVE A L L  T I M E  VARIARLES FOR THF F f lLLOVING MODE* 0 = OTHERWISEI  
N S V P H I  = - 0  I 1  = S 4 V E  A L L  FLUX VALUES FOR THC FOLLOUIYR M n D E t  0 m OPMERUISEI 
N S V I L  = - 0  ( 1  = SAVE INDUCTOR-CURRENT VALIJES FOR THE FOLLOWING HOOE. 0 s OTHERWISE) 
CONVERGENCE DATA 
I T H T S T  e 1 4  (NUMBER OF TEST I T E R P T I O N S  RELOU WHlCH P E L T  I S  M U L T I P L I E D  BY 2 AND PROVE WHICH DELT I S  D I V I D E D  RY 2 )  
MAXUIN = 4 0  ( I N I T I A L  MAXIMUM NlJMBER OF I T E R A T I O N S  DEFDRF V A R I A R L E  VALUES ARE RESET AN0 D E L T  I S  D I V I D E 0  RY 4 )  
KFMAX = 3 (MAXIMUM NUMRER OF T R I A L S  REFORF ITRMAX I S  CH4NGED) 
RELFR= 1 . 0 0 0 0 0 E - 0 6  ABSER = 1 . 0 0 0 0 0 E - 0 6  FOR I N I T I O L  C O N D I T I O N 5  
GENERAL DATA 
NV = 1 4  INUMBER OF UNKNOWN NODAL VOLT4GES) 
N4UX= 2 3  (NUMRER OF 4 l l X I L I P R Y  UNKNOWW\ 
NG = - 1  I - 1 s C A L C U L A T E  VALUES, O=ZERO VALIJFS*  1-REPD V P I I 1 F S l  
N3i4- - 0  ( - 1  = I N I T I A L  C O N D I T I O N S  ONLV. 0 t H 4 L T  I F  F Q Q D k  I N  I.C.9 1 r P R I N T  I F  ERROR I N  1.C. RUT PROCEED) 
ND = 2 (NUMBER OF V 4 R I A R L E  SOURCES) 
Qt3 = 1 ( R A T I O  OF COMPIJTEO P O I N T S  TO PLOTTFO P ' ~ I N T S I  
NBl4. 1 ( R A T I O  OF PLOTTED P O I N T S  TO P R I N T E D  P O I N T S )  
PLOT AND PRINT-PLOT DATA 
SCALE = 1 ( 1  = READ SCALE FROM CARDS* 0 = OTHERWISE) 
h P L T V T  = 4 (NUMRER OF V A R I A B L E S  TO RE PLOTTEO)  
NPLTVV = - 0  (NUMBER OF V-VS.-V PLOTS)  
N 1 I  = - 0  ( 1  = PLOT VOOT V5. V PHASE P L A N F S *  0 = OTHFRWISEI  
KPYPLT = 1 ( 1  = PRINT PLOT, o I DO NOT PRINT P L n T  A T  MORMPL EXIT) 
KPLOT = 1 ( 1  = PLOT, o = no NOT PLOT) 
I P I  = 3 5 0  INUMBER OF PLOTTEO P O I N T S  PER F R 4 Y F )  
K P F I T  = 2 Io= INDEPENDENT SCALES AND BOlJNObRIFS FOP FRAME<. 1 -SAVF Y SCALES AND Y BOUNDARIES*  
2'SAVE X S C A L E S ~  Y SCALES, AND Y R f l U N n b R l F 5 1  3 z S A V E  A L L  SCALES AN0 BOUNDARIES)  
P L n T s  OF VARIABLE VS. TIME 
( S A V E D  RUT NOT PLOTTED I F  VARIAHLE NO. I S  N E G A T I v F )  
V 4 R I 4 B L E  
N4'1E NO. 
I 4 L P H P  1 8  
I L F w l )  1 9  
P H I l n T I  2 7  
PHI)OT2 3 0  
P L ~ T  NO. x X-IJNITS X-SCALF L E F T  R I G H T  Y I - U N I T S  V-SC ALE BDTTOH TOP 
1 T I M E  MICROSECONDS 2 . 5 4 0 E - 0 4  - 1 . 0 0 F - 0 6  l . 7 n F - 0 5  I A L P H A  AMPERE 1.270E'OO -5 .00E-01  5.00E'flO 
7 T I M E  MICROSECONDS 2 .540E-06  -1 .00F-06  l . ? g F - 0 5  I L F W D  AMPERF 1 .270E-01  -5.00E-02 5.00.5-01 
3 T I M E  MICROSECONDS ?.540E-Oh -1 ,OnF-nb  ) .?OF-05  PHOOTI  VOLT/TURN 1 .27OF-01  -5 .00E-01  5 .00E-02  
4 T I M E  MICROSECONDS 2 .540E-06  -1 .00F-oh  l . ? n F - 0 5  PHOOTZ VOLT/TlJRN 6 . 3 5 0 ~ - 0 1  - 2 . 5 0 ~ - 0 1  ? .50E*on  
ABSOLUTE TEMPERATURE= 2 . 9 4 0 0 0 E + 0 2  
NO. OELT END T I M F  
1 1.0000E-OR 2.50OOE-06 
2 1 .0000E-07  1 . 2 0 0 0 E - 0 5  
3 1 . 0 0 0 0 E - 0 b  2 . 3 0 0 0 E - 0 5  
6 1 . 0 0 0 0 E - 0 7  2 . 4 0 0 0 E - 0 5  
(b) Page 2 
OC SOURCt NO. 1 
MARNITUOE 2,ROOOE+01 
VAHIARLE SOURCE NO. 2 
L A S T  MAGNITUDE HELD 
MARNITUDE T I M E  
Figure 38 COMPUTER PRINTOUT FOR THE CORE-DIODE SHIFT-REGISTER CIRCUIT I N  FIG. 35 
RESISTORS 
P4UT 
NO NODE A NOOE R 
CAPACITORS 
PART 
NO NOOE 4 NODE R 
INDIJCTOUS 
PPPT 
NO NODE 4 NODE 0 
1 3 GROUND 
SCRIFS SHUNT 
CAPPCITANCF Q E S I S T ~ N C F  RFSISTbNCE CURRENT 
2 . 2 0 n n o ~ - 0 5  ~.=,~ooQF-~I 1 .00000E*09 -0. 
5 F R I F q  SUIINT 
INn(lCTANCF 9ESISTbrlCF RESISTANCE I N V l C n N  CURRENT 
1)InnES 
h o  NODE P NODE N  IS^ ~n DL" r o n  VPOTO T o IPP 
1 6  5 9 . 7 6 7 ~ - 0 9  1.960E+00 6 . 0 5 0 ~ * n 9  1 . 0 0 0 ~ - 1 2  8.000E-01 1.000E-09 -0. 
2 R GROUND 9.747E-09 1.960ElnO 6.05OCt09 1.000E-12 R.000E-01 1.000E-09 -0. 
3 1 0  OROUND 9 . 7 4 7 ~ - 0 9  1 .960El00 ~ . o ~ o E + o ~  i . n n 0 ~ - 1 2  ~ . O O O E - O ~  I.OOOE-09 -0. 
4 1 2  OROUND 9.747E-09 1.96OElPO h.050F109 1 . 0 0 0 ~ - 1 2  R.000E-01 1.000E-09 -0. 
5 1 6  OROUND 9.747F-09 1.960E+n0 6 .050F+09 1.000E-12 R.000E-01 1.OOOE-09 -0. 
NP;< TRANSISTOR 
NO= 1 
N0.W R NOOE C NOOE E 
1 Z 3 
BETAN 6.4000E+01 AETAI  3.000nE+00 TE 5.3n01E-09 TC 1.000OE-Oh 
ISC 1.FnOOE-10 HC 1.2000E+00 CoC 2 . 0 ? ? n E - l l  VDOTE R.000nE-01 RLC 1.0000E+07 
I S E  l . n o o n ~ - ~ ~  ME 1.0000E+00 cnE 4 . n i 1 0 n ~ - l l  \!DOTE R . O O O O F - O ~  RLE 1 . 0 n 0 0 ~ + 0 7  
MAGNETIC CORES 
EL I S T I C  PUIOOT INCLUDEn 
100 NOT E X I T  WHEN FLUX SWITCHING STOPS 
RELFRR = 1.000E-04 ABSERR r l .?n i IE-04 
PSTCP =-0. 
l i l  P w  9 
Figure 38 Continued 
C ~ Q F  r J n .  1 
W I N ~ T ~ I G S  
WItdOING NO. NOOE R NOnE T TIIRNS RESTSTANCF I N I T I A L  CUHRFNT 
1 4 5 4 2.60000F-01 -0. 
UEW7ESENTTNR 6 IDFNTICALLY SUITCHINO CORES I N  CEQIFC 
z 7 R 2n n . i n o o o ~ - o ~  -n, 
3 GROIJFID 13 4 2.2500OE-01 -0. 
C ~ O F  P ~ U ~ M F T F R S  
o n =  I . ~ ~ O O O E - O ~  ID= o . o o o o o ~ - n 2  TYPF-R rATFRIAL -  FFRRITF 
I ~ I S =  ~ . ~ S O O O E - O ~  DHIR= 3 . 5 o o o n ~ - n 7  F D I =  i . o 0 5 n o ~ - n l  FDZ= 2.n475nE-01 F021 ?.1ooooF-nl 
~ n ? = - n .  P H I O ~ = - I . ~ ~ ~ I O ~ E - O ~  riel 1.471nor+n2 no= 1.9RlOnE+Ol HN= ~ . s ~ ~ o o F + ~ I  
LA'lnPQ- 3.3605RE*Ol N11O= ?.44941F+nn ~ O U =  ?.29?45c-n1 FOPP= 2.R6301lE-01 LAPDA= 1.093R9F+n0 
NIJ= 1 . 2 4 2 2 ? ~ * 0 0  FR= 1 . 7 ~ ~ 7 n ~ + n n  FOI 5 . 7 ~ 5 n o ~ - 0 1  ROP= 1.5ooonE+o0 
F H I -  1.00000E+30 F01=-0. a-P]=-n.  
I N I T I A L  FLUX = 3.50000E-117 
lj) P a p  10 
C O R E  N O .  7 
W I N ~ ~ N C I S  
UINnING NO. NODE R NOOE T TIIRNS RESISTANCE I N I T I A L  CUMRENT 
9 1 r) 
GROUND 7 
C O R E  P A U A H E T E R S  
OD= 1.47000E-01 I D =  9.00000E-02 TYPE-R MATERIAL- FERRITE 
PHIS. 3.85000E-07 PUIR= 3 . 5 0 0 0 ~ 1 ~ - 0 7  FD1= 1.99500E-01 FDZn 2.04750E-01 FD2. 2.10000E-01 
FO3=-,;. PHIO2n-1.30UOOE-07 HA= 1.47100Et02 HP= 1.98100Et01 HNa 1.52300E*01 
LA.inAl)z 3.36058E*01 NUD= 3.44941Et00 FOR* 7.29245E-01 FOPP- 2.86300E-01 LAMDA. 1.09389E*00 
NU= 1.24227E+00 FR= 1.78970E*00 FO= 5,79500E-01 HOP= 1.50000E*00 
Ft31. 1 ~ 0 0 0 0 0 E + 3 0  FOl=-0.  R~PIC-0. 
C O M P U T E D  h U X I L I P R Y  P A R 4 M E T E R S  
P l =  5.23115E-08 P2x 1 .72549Ft00 ~ 3 1  1.05643E.00 P4= 3.50000E-00 PS=-3.Q397BE-07 
P6= 2.037RBE-05 P7= 1.00000Ft00 PR= 0 .  P9= 0. P l 0 1  0. 
P11. 0. P l 2 =  1.0592OF-05 P13z 3.19n76E-06 P14= 2.32524E-01 P15= 1.OY377E-01 
P16=  1.85Y52E-06 ~ 1 7 ~  1 . 7 8 6 4 9 ~ - 0 1  o18=-h,nh0?1€-07 P I 9 1  3.48996E-07 P20= 2.21031E-07 
Z V  = 1.55510E-04 
I N l T I A L  FLUX = -3.50000E-V7 
Ik l  Page 11 
Figure 38 Continued 
131 
C O R E  w o .  3 
u l I N 1 ) I N G S  
W I n t l I h t i  NO. NODE t) NODE T TlJRIgS RESISTANCE I N I T I A L  CURRENT 
C O R E  P A R A H E T E H S  
OD= I .47000E-01 I D =  9.00000E-02 TYPE-H MATtRIAL-  FEHHITE 
Pt115a 3 . 8 5 0 0 0 ~ - 0 7  P H I # =  d.50000E-07 FD1= 1.99500E-01 FUL- 2.0475UE-01 FU2= 2.100UUE-01 
FL>3=-U. PHIO2=-1.dOUOOE-07 n A r  1 . 4 ? l O O t t U 2  HU= I . Y B l U u E + O l  H y r  1.523OUErn l  
L 4  104lJ= 3.36U58E*O1 NUDE J .44941E100 FOB- 3.29245F-01 FOPPt  2.Hb30uE-01 LAPUP= 1 . 0 9 3 8 Y t * 0 0  
8ulla 1 .24227€*00 FB= 1.7BY7Ut+OU FO= 5.795flOF-01 HOP- 1.50OOOEtOU 
FSI= 1 . ~ o u o o t + 3 u  FOI=-I,. R P l = - o .  
C O R E  N O .  4 
W I N D I N G S  
UINOING NO? NODE tl NOOE T TURNS RESISTANCE INI~I~L CUHRENI 
1 3  14 
GROUNU 1 1  
C O R E  P A R A M E T E R S  
00. 1.47000E-01 I D =  Y.00000E-02 TYPE-ti MATEHIAL- ~ E H H I T E  
~ ~ 1 5 .  3 . 8 5 0 0 0 ~ - 0 7  PHIR. 3.50900E-07 F D l =  1.v95UOE-U1 FOL=  Z.04150E-01 c u d -  L.1000UE-01 
t U 3 r - 0 .  PHIO2=-1.30U0~E-07 HA= 1.47100E*02 nu= 1 . 9 8 1 0 0 ~ * ~ 1  nN= 1.5C3UUEt01 
LA+iDAUa .i!3bUS8E*O1 NUDS J.44Y41E*00 FDM= 3 . 2 9 2 4 5 t - 0 1  FOPP= 2.8630UE-01 LAHUA. I .OY3UYEt00 
NU. 1 .24227t*00 FBa 1.78Y70E+00 FlJ= 5.795UOE-01 HOP= lm5UOOOE*OU 
f u l *  1~UOOUOE*3U FOl=-O. RoPl=-0 .  
Figure 38 Continued 
1 3 2  
3 I k l L l A L  COIXDITION ITERATIONS 
OuL= - 1  
u h n ~ O s N 5  
I 4.5Vd90E-U5 L 2.71U41E*Ul 3 1.3350dE-1u 4 2.77041EtOl 5 C.l7U41E+UI b 2.1VBYUErul 
I u. 8 I). v I,. 10 0. 11 U. 
I 3  U. 
I d  0. 
I4 0. 15 2.77021t+01 16 2.849U3E-01 17 '5.5VfkJOt-08 18 la6623UE-Ua 
I Y  u. 20 0. d l  u. 22 0. 23 I. 'd7/79E-11 26 -L.l704LE-ub 
23 -6.6*921t-03 26 3.500U2t-07 27 0. 28 0. L9  - 3 . 5 0 ~ 0 ~ E - 0 7  3 U  0. 
31 -h.6*Y21k-05 6 2  3.5000Lt-u7 33  u. 34 0. 35 -d.SuuuoE-01 36 0. 
3 1  u. 
I 0  4ILING PULSE SCALE FACTUK = 0. 
END TIHE= 2.50UOOE-06 
UtLT = 1.00000E-08 6 ITE!34TIOhfS1 NUELT = 1 1TEh. SUM = 6 
OELT = 1.UOOOOE-08 7 ITERATIONIS) NOEL1 = 2 1TFK. SUM = 13 
NUELT = 3 ITEM. SUM = 18 
SOURCE 
1 2.80000E*01 2 4.00000E-ul 
TI'rF= 4.00000E-08 
UNKNOWNS 
1 3.92522E-01 2 2.79765E+Ol 3 I. f l5572E-01 4 7.747hlE+01 5 2.7Y75hE*01 6 2.79890E+Ol 
7 -2.42857E-05 A -4.12934E-04 9 -7.773RlE-05 10 -1.99195E-04 11 -2.42857E-05 12 -4.12934E-04 
13 -7.77381E-05 14 -1.99195E-04 15 7.77910EtOl 16 1.738QOE-02 17 -9.768hOE-Oh 18 -6.94299E-0b 
19 -7.33812E-OR 20 -2.69796E-08 21  -7.33812E-OR 22 -2.hq796E-08 23 4.43551E-04 24 4.506946-04 
25 2.61964E-05 26 3.50001E-07 27 1.943hlE-05 28 -R.37117E-07 29 -3.50000E-07 30 6.07459E-06 
3 1  2.61964E-05 32 3.50001E-07 33 1.94361E-05 34 -U,33117E-07 35 -3.50000E-07 36 6.0745YE-U6 
37 4.00000E-01 
' )EL1 = 1.00000E-08 4 TTERATIOnlS) NDELT = 4 ITcR. SUM = 22 
lo) Page 15 
Figure 38 Concluded 
T I M E  ( M I C R O S E C O N D S )  T I M E  ( M I C R O S E C O N D S 1  
(a) I R L P H R  V S .  T I M E  (b) ILFWD V S .  T I M E  
T I M E  ( M I C R O S E C O N D S )  T I M E  ( M I C R O S E C O N D S )  
(c) P H D O T l  V S .  T I M E  (d )  PHDOT2 VS . T I M E  TcuW-48 
Figure 39 EXPERIMENTAL (heavy line) AND COMPUTED (light line) WAVEFORMS OF i, if, a,, AND $ 
OF THE CORE-DIODE SWIFT-REGISTER CIRCUIT IN FIG. 35 FOR THE ALL-ONE CASE AT 25°C 
St = 28.0V 
ALL DIODES ARE OF 
FD643 TYPE 
Figure 40 A TWO-PHASE CURRENT-DRIVER CIRCUIT 
b .  I n p u t  D a t a  
I n  F i g .  4 0 ,  we d e s i g n a t e  t h e  v o l t a g e  s o u r c e s  S1 and S 2  and  t h e  
f o l l o w i n g  c i r c u i t  e l e m e n t s :  R e s i s t o r s  R 1  t h r o u g h  R5,  N o n l i n e a r  
I n d u c t o r s  L l  a n d L 2 ,  Z e n e r  d i o d e s  Z1 and  2 2 ,  D i o d e s  D l  t h r o u g h  D4, 
T r a n s i s t o r  T1 and  T 2 ,  and C o r e s  1 and 2 .  The  i n d e x  number and  number o f  
t u r n s  o f  e a c h  c o r e  w i n d i n g  a r e  a l s o  d e s i g n a t e d .  N e x t ,  we d e s i g n a t e  t h e  
f l o a t i n g  n o d e s  by I n d e x  Numbers 1 t h r o u g h  1 5 ;  t h e  c o r r e s p o n d i n g  unknown 
v o l t a g e s  a r e  V(1)  t h r o u g h  V ( 1 5 ) .  T w e n t y - t h r e e  a u x i l i a r y  unknowns,  t o  b e  
p a r t  o f  t h e  o u t p u t ,  a r e  marked  by V(16) t h r o u g h  V(38)  i n  F i g .  40 .  
The  d a t a  a r e  e n t e r e d  i n  a  way s i m i l a r  t o  t h a t  d e s c r i b e d  a b o v e  
i n  c o n n e c t i o n  w i t h  t h e  s h i f t - r e g i s t e r  c i r c u i t ,  F i g .  3 5 .  
c .  R e s u l t s  
Computed and e x p e r i m e n t a l  waveforms  o f  s i x  v a r i a b l e s  a r e  com- 
p a r e d  i n  F i g .  4 1 :  i L 1 ,  iD1 ,  @ l ,  and G 2  i n  Mode I, and i D ,  and  i c T l  i n  
Mode 11. 
3 .  An I n f o r m a t i o n - S e n s i n g  D r i v e r  
a .  C i r c u i t  O p e r a t i o n  
The c i r c u i t  d i a g r a m  o f  t h e  i n f o r m a t i o n - s e n s i n g  d r i v e r  i s  shown 
i n  F i g .  4 2 .  Compared w i t h  F i g .  3 4 ,  C o r e  1 c o r r e s ; u n d s  t o  C o r e  a l l ,  
C o r e  2  t o  C o r e  P l l ,  C o r e  3  t o  C o r e  a 9 ,  C o r e  4  t o  C o r e  P 9 ,  C o r e  5  t o  
C o r e  Po, C o r e  6 t o  C o r e  a o U c ,  and C o r e  7 t o  C o r e  ,Byo. 
R e f e r r i n g  t o  F i g .  3 4 ,  an o u t p u t  s i g n a l  s h o u l d  b e  g e n e r a t e d  a t  
t h e  p h a s e  i n  w h i c h  C o r e s  a l  t h r o u g h  a l l  s t o r e  t h e  s t a t e  00000000001  
i n i t i a l l y .  A t  t h i s  s t a t e ,  C o r e  a o U t  i s  i n  a  ONE s t a t e .  T h u s ,  t h e  
i n i t i a l  f l u x e s  i n  F i g .  42  when o u t p u t  s i g n a l  i s  t o  b e  g e n e r a t e d  a r e  
= G 6  = @ r  a n d  @ 2  = ($3 = @ *  = Q 5  = O 7  = - @ r .  
The v o l t a g e  s o u r c e  V s 2  r e p r e s e n t s  V(9)  i n  F i g .  40 ( t h e  v o l t a g e  
a c r o s s  Z e n e r - D i o d e  Z l ) ,  and t h e  c u r r e n t  s o u r c e  i S 3  r e p r e s e n t s  t h e  a d -  
v a n c e  c u r r e n t  ia  i n  F i g .  3 5 .  C o r e  1 i s  c l e a r e d  by i S 3 ,  and t h e  r e s u l t i n g  
f o r w a r d  l o o p  c u r r e n t  s e t s c o r e  2 .  A t  t h e  same t i m e ,  C o r e  3  i s  d r i v e n  by  i s 3  
f u r t h e r  i n t o  n e g a t i v e  s a t u r a t i o n  a n d b a c k  a n d t h e  r e s u l t i n g  s m a l l  f o r w a r d  
l o o p  c u r r e n t  d r i v e s  C o r e  4  i n  t h e  p o s i t i v e  d i r e c t i o n  by a  s m a l l  amount . S i n c e  
@ 2  >> G 4  ( @ 2  i s  p r i m a r i l y  i n e l a s t i c  w h i l e  qb3 i s  p r i m a r i l y  e l a s t i c ) ,  t h e  
I I I I b I I  
0 1 2 3 4 5  
TlME - p1.5 
(a) i L l  vs. t (b) i D, vs. t 
2 5 1.0 
2.0 0.8 
; 1.5 
I 
'* 4.0 1 0.4 
* 
0 5 0.2 
0 0 
0 0 5 1 0  15 2.0 2.5 1 0  5 5  4 0  4.5 5 0  0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5 0  
TIME - t1$6 TIME - pstc  
(c) 6, v s  t (d) 62 VS. t 
0 5 I0 I5 20 25 3 0  35 4 0  45 W 
TlME - ~ Y C  
(el iD3 vs. t 
0 5 10 15 20 25 30 35 40  45 50 
TIME - p s e ~  
( f )  i c T ,  v s  t 
T D - 6 4 0 8 - 5 6  
Figure 41 EXPERIMENTAL (heavy line) AND COMPUTED (light line) CURRENT AND WAVEFORMS 
OF A TWO-PHASE CURRENT DRIVER AT T = 25' c IN MODE I [(a) - (dl1 AND MODE 11 
[(el AND ( f ) l  
u 
CORE 7 @ Fcl"l43 
Figure 42 AN INFORMATION-SENSING DRIVER CIRCUIT 
g e n e r a t e d  v o l t a g e  V(10)  = 10G2 - 1 2 4 ,  i s h i g h  e n o u g h  t o  b l o c k  D i o d e  0 5 .  
C o n s e q u e n t l y  D i o d e  0 6  becomes  u n b l o c k e d  and T r a n s i s t o r s  T1 and T2 t u r n  
on (become s a t u r a t e d ) .  T h e  r e s u l t i n g  INFO c u r r e n t  p u l s e ,  V ( 3 4 ) ,  s e t s  
t h e  i n p u t  c o r e ,  C o r e  5 ,  and  c l e a r s  t h e  o u t p u t  c o r e ,  C o r e  6 .  An o u t p u t  
s i g n a l ,  V ( 1 9 ) ,  i s  t h u s  g e n e r a t e d .  
I f  C o r e s  1 and 3 a r e  i n i t i a l l y  i n  t h e  same s t a t e  (ONEor  ZERO), 
t h e n  42 = q4 and V ( 1 0 )  < 0 .  C o n s e q u e n t l y  D i o d e  D5 i s  u n b l o c k e d  a n d  
D i o d e  0 6  i s  e i t h e r  b l o c k e d  o r  c o n d u c t s  a  n e g l i g i b l e  c u r r e n t .  T r a n s -  
i s t o r s  T1 and  T2 t h e n  r e m a i n  o f f  and C o r e  5 i s  n o t  s e t  ( i n  a d d i t i o n ,  
Q 6  = -+,.)' 
The  p r o v i s i o n s  t o  t u r n  on T r a n s i s t o r s  T1 and  T2 when i n i t i a l l y  
@ = - and  G 3  = G r  a r e  n o t  shown i n  F i g .  4 2 .  A c i r c u i t  i d e n t i c a l  w i t h  
t h e  o n e  c o n s i s t i n g  o f  R e s i s t o r  R 1 ,  D i o d e s  0 5  a n d  0 6 ,  a n d  t h e  w i n d i n g s  
t h r o u g h  C o r e s  2  a n d  4  i s  a d d e d  i n  p a r a l l e l ,  e x c e p t  t h a t  t h e  numbers  o f  
t u r n s  a r e  i n t e r c h a n g e d .  
b .  I n p u t  D a t a  
I n  F i g .  4 2 ,  we d e s i g n a t e  t h e  s o u r c e s ,  c i r c u i t  e l e m e n t s ,  unknown 
n o d a l  v o l t a g e s ,  and  a u x i l i a r y  unknowns i n  a  s i m i l a r  f a s h i o n  a s  i n  
F i g s .  35  a n d  4 0 .  The c i r c u i t  i n c l u d e s  3  s o u r c e s  ( o n e  o f  which  i s  a  
c u r r e n t  s o u r c e ) ,  1 z e n e r  d i o d e ,  8 d i o d e s ,  2  t r a n s i s t o r s ,  and 7  c o r e s .  
T h e r e  a r e  1 9  unknown v o l t a g e s  and 38 a u x i l i a r y  unknowns ,  V(20) t h r o u g h  
V ( 5 7 ) ,  a s  m a r k e d .  
c .  R e s u l t s  
Computed waveforms  o f  G I ,  @ 2 ,  @,, + 5 ,  G 6 ,  and V o u ,  = V(19)  
a r e  shown i n  F i g .  43. No e x p e r i m e n t a l  o s c i l l o g r a m s  w e r e  a v a i l a b l e  f o r  
comparison. 
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c u r v e s .  70 
i n p u t  p a r a m e t e r s ,  69-71 ,  8 7 ,  1 1 . 4 2 ,  1 1 . 4 5  
1 1 . 5 8 - 5 9  
k i n d s ,  63 
w i n d i n g s ,  40-41 ,  1 1 . 3 4 ,  1 1 . 3 7 ,  1 1 . 4 1 ,  1 1 . 4 4  
" d ~ "  k i n d ,  63-68 .  8 7 .  1 1 . 3 3 - 3 9  
, - 
d i m e n s i o p s ,  64' ' 
dynamic (4 ( F )  : 
c o m p u t a t i o n  of  u n s p e c i f i e d  p a r a m e t e r s ,  6 8 ,  
1 0 1  
I L L  
i n p u t  p a r a m e t e r s ,  65 ,  8 7 ,  1 2 1 ,  1 1 . 3 6 ,  
1 1 . 3 9 .  1 1 . 5 7  
s t a t i c  + ( r ) :  
c o m p u t a t i o n  of  a u x i l i a r y  p a r a m e t e r s ,  65-68 
i n p u t  p a r a m e t e r s ,  64-65 ,  8 7 ,  1 1 . 3 5 ,  1 1 . 3 8 ,  
1 1 . 5 6  
C o r e ,  magnet ic :  
convergence  method ,  41-42 
d e r i v a t i o n  o f  aH arid AT, 40-43  
dynamic &p ( F ) S e e  Dynamic (bp ( F )  niodel 
e q u i v a l e n t  o f  i d e n t i c a l  switching c o r e s  i n :  
p a r a l l e l ,  43-44 
s e r i e s ,  43-45 
i n p u t  data--See Core  i n p u t  d a t a  
p o l a r i t y  o f :  
c u r r e n t s ,  40-41 
F and +,  40-41  
s t a t i c  + ( F ) S e e  S t a t i c  + ( I ; )  model 
s u b r o u t i n e  l i s t i n g :  
CORE, 11 .176-182  
R\VCDRE, 1 1 . 1 3 6  
RB'CORF, 1 1 . 1 3 7 - 1 4 3  
R\VCORH, 1 1 . 1 4 4 - 1 5 1  
s w i t c h i n g  model--See Core  niodel 
s w i t c h i n r  r e s i s t a n c e ,  4 3  
windings,  4 1  
d and AT e x p r e s s i o n s ,  42-43 
( o r e  m a t e r i a l ,  f e r r i t e  u s .  tape-\sourid: 
d a t a ,  6 3 ,  69 
FB/FO U S .  T ° K ,  78 
s p e c i f i c a t i o n ,  6 4 ,  6 9 ,  9 9 ,  1 1 . 3 5 ,  1 1 . 3 8 ,  1 1 . 4 2 .  
1 1 . 4 5  
Core model, 45-63 
e l a s t i c  4, 45-50 
a u x i l i a r y  pa rame te r s ,  45-46 
ave rag ing  F ( t ) ,  46-49 
boundary l i n ~ i  t s ,  it9- 50 
e f f e c t  o f  s i g n  of F ,  46 
E ( F ) ,  45 
E' ( F ) ,  46 
$ . s [FIF~- l ) ]  , 46 
& : [ F , F ( - ~ , ] ,  46 
i n e l a s t i c  ;b, 50-62 
dynanlic 4 ( F )  , 59-62 (See  a l s o  Dynamic 4 ( F )  
model ) P 
e f f e c t  of s i g n  o f  F ,  50 
n e g l i g i b l e  v a l u e ,  49-50, 68 
s t a t i c  + ( F ) ,  51-59 (See a l s o  S t a t i c  + ( F )  model) 
h L ( & , F ) ,  50 
& : ( d , F ) ,  51 
input  d a t a ,  63-78 (See a l s o  Core i n p u t  d a t a )  
"6H"-69-78 (See a l s o  Core i n p u t  d a t a ,  
BH" k i n d )  
"4F"-63-68 (See a l s o  Core i n p u t  d a t a  
"4F" k ind )  
summary, 62-63 
Core parameters :  
"BH", 69;71, 8 7 ,  11 .42 -43 ,  11 .45 -46  
computat i on  o f :  
dynamic : 
" BH" t o  'j+F", 74-78 
unspecified, 68 
s t a t i c :  
a u x i l i a r y ,  54- 56 ,  65-68 
6 6 m W  t o  1IbFtl, 71-74 
example, 131-132 
i n p u t  d a t a :  
d imensions ,  64,  69, 87 ,  11. 35, 1 1 . 3 8 ,  1 1 . 4 2 ,  
11 .45 
dynamic: 
"BH", 71 ,  8 7 ,  11 .43,  11 .46  
"dF", 65 ,  87 ,  121, IS .  36 ,  11 .39 
s t a t i c :  
CORE s u b r o u t i n e :  
d e s c r i p t i o n ,  100-103 (See a l s o  45-63, 86-93)  
l o s s a r y ,  l o c a l ,  11.88-89 
f i s t i n g ,  11.176-182 
Core s u b r o u t i n e  l i s t i n g :  
COHE, 11.176-182 
RIVCORE, 11.136 
RWCORF. 11.137-  143 
nwmni 11. i1t4-i51 
Core s u b r o u t i n e s ,  d e s c r i p t i o n  o f :  
CORE, 100-103 
i n i t i a l  c o n d i t i o n s ,  100 
hlONITOR \VRITE s t a t e m e n t s ,  102-103 
P a r t  ( 1 ) :  f i l l i n g  H and T a r r a y s ,  1 0 1 ~ 1 0 2  
P a r t  ( 2 ) :  computation of winding c u r r e n t s  
and convergence ,  102 
R\VCORE, 98-99 
RWCQRF, 99- 100 
RIVCORH, 100 
Da ta ,  i n p u t S e e  Input  d a t a  
Debugging m e a n s S e e  hlONITOR \\RITE s t a t e m e n t s  
D e r i v a t i o n  o f  AH and AT: 
gene ra l  : 
t h r e e -  t e rmina l  c i r c u i t  e lement ,  9-14 
two-termi.nal c i r c u i t  e lement ,  1-9  
s p e c i f i c :  
c a p a c i t o r ,  18-20 
c o r e ,  40-43 
c u r r e n t  sou rce ,  15 
d iode ,  25-33 
i n d u c t o r ,  20- 22 
r e s i s t o r ,  15  
t r a n s i s t o r ,  33-40 
v o l t a g e  s o u r c e ,  18 
zener  d i o d e ,  23-25 
D i f f u s i o n  c a p a c i t a n c e  of  d iode  model, 26-27 
Dimensions,  i n p u t  c o r e ,  64, 69, 87 ,  11 .35 ,  1 1 .  38, 
1 1 . 4 2 ,  11 .45 
DlOD s u b r o u t i n e :  
background 25-33, 86-93 
g l o s s a r y ,  i o c a l ,  11 .86-87 
l i s t i n g ,  11.167-169 
Diode: 
cons t an t  t e rms ,  32 
conve1,gence method, 27-28 
c u r r e n t .  26 ,  31 
dc c u r v e ,  26-29 
d e r i v a t i o n  of AH and AT, 25-33 
d i f f u s i o n  c a p a c i t a n c e ,  25-27 
tempera ture  e f f e c t ,  26- 27 
jnput  . d a t a ,  85:87, 11. 28-29 
Jur lc t lon  capacitance, 26, 30 
model, 25-27, 30 
l i n e a r i z e d ,  28-29 
s u b r o u t i n e  listing: 
DSOD, 11. 167- 169 
R\mIOD, 11.131 -1 32 
AH and AT e x p r e s s i o n s ,  30- 33 
~ t - d e p e n d e n t  t e rms ,  32 
Dynamic &, ( F )  model,  59-62 
approximate parameLer e v a l u a t i o n ,  61-62 
bounda ry -con t inu i ty  c o n d i t i o n s ,  61-62 
gene ra l  model, 59-62 
of  tape-wound c o r e ,  61 
pa rame te r s :  
computation of  u n s p e c i f i e d ,  61-62, 68 
d e f i n i t i o n ,  60-61 
i n p u t ,  65 
p l o t ,  60 
r e g i o n a l  e x p r e s s i o n s ,  61. 
E l a s t i c  f l u x  swi tching--See E l a s t i c  6 coniponer~t 
E l a s t i c  6 component: 
computa t ion:  
dkbugging, 102-103 ' 
e x c l u s i o n ,  101, , 120 ,  11 .33,  11 .40 ,  11 .178 
i n  CORE subroutine, 101 
method, 48-50, 62-63 
model, 45-46 
parameters :  
a u x i l i a r y ,  45-46, 48-39 
i n p u t ,  64-65, 8 7 ,  11 .35 ,  11 .38 ,  11 .56  
Cur ren t  sou rce :  
i n p u t  d a t a ,  85-87. 11 .21  
sub rou t ine  l l s t i n g :  
IVS, 11.160-161 
E\\IVS. 11.121-122 
at{ AT, 15 
ELEY sub rou t ine :  
convergence means, 95-97 
flow c h a r t ,  96-97 
g l o s s a r y ,  94 ,  11 .85  
l i s t i n g ,  11.158-159 
P a r t  ( 1 1 ,  95-96 
P a r t  ( 2 ) ,  95-97 
sub rou t ine  c a l l s ,  95-97 
t a s k s ,  94 
v a r i a b l e s ,  94 
Error-message p r i n t o u t :  
e l a s t i c  $ s e t  t o  zero  t o  improve convergence,  
11 .178 ,  11 .182 
e x c e s s i v e  number o f :  
c a p a c i t o r s ,  11 .125,  11 .126 
c o r e s ,  I I . ,136 
co re  iv indings ,  11.. 138 ,  11 .142 ,  11 .150 
d i o d e s ,  11.131-132 
i n d u c t o r s ,  11.127-128 
nodes ,  11 .103,  11.106 
r e s i s t o r s ,  11.123-124 
sources :  
c u r r e n t  and f l o a t i n g  v o l t a g e ,  11.121-122 
t ime v a r i a b l e  and d c ,  11 .103 ,  11 .106 
transistors, 11 .133 ,  11.135 
unknowns, 11 .103 ,  11 .106  
zener d i o d e s ,  11.129-130 
f a i l u r e  t o  converge i n :  
i n i t i a l - c o n d i t i o n s  s o l u t i o n ,  11 .157 
t r a n s i e n t  s o l u t i o n ,  1 1 . 9 5 ,  11 .98  
i n c o n s i s t e n t  s p e c i f i c a t i o n s  f o r  s av ing  v a r i a b l e  
v a l u e s  and s o l v i n g  i n i t i a l  c o n d i t i o n s ,  
11.156- 157 
looping i n :  
DIOD s u b r o u t i n e ,  11.168-169 
TW\I s u b r o u t i n e ,  1 1 . 1 7 1 ,  11.'175 
mis s ing  c o r e  windings ,  11 .138 ,  11 .142 ,  11.150 
mis s ing  d a t a  f o r  V - u s .  - V  p l o t s .  11 .103.  11 .106 
s i n g u l a r  m a t r i x  i n :  
i n i t i a l - c o n d i t i o n s  s o l u t i o n ,  11.156-157 
t r a n s i e n t  s o l u t i o n ,  11 .95,  1 1 . 9 8  
Experimental  v e r i f i c a t i o n  f o r  magnet ic-core  
c i r c u i t  a n a l y s e s :  
co re -d iode  s h i f t  r e g i s t e r ,  128 ,  134 
two-phase c u r r e n t  d r i v e r ,  130-137 
F a i l u r e  o f :  
c i r c u i t ,  108 ,  1 1 3 ,  1 1 . 2 0  
convergence ,  120- 121  
i n i t i a l - c o n d i t i o n s  s o l u t i o n ,  113-114 
t r a n s i e n t  s o l u t i o n ,  81-82,  108 
F e r r i t e  cores--See Core m a t e r i a l ,  f e r r i t e  u s .  
tape-\round 
F i l l i n g  H and T  a r r a y s ,  6 
F loa  c h a r t  o f :  
conlputation c i r c u i t - e l e m e n t  s u b r o u t i n e ,  
g e n e r a l ,  88 
ELEhI subroutine, 96-97 
gene ra l  o r g a n i z a t i o n  of RrRAC, 8 1  
READ-\\RITE c i r c u i t -  elenrent s u b r o u t i n e ,  
g e n e r a l ,  84 
s u b r o u t i n e  c a l l s  i n  MTRAC, 105-106 
F lux - s \ \ - i t ch ing  model--See Core nrodel 
F l u x - s ~ s i t c h i n g  p a r a m e t e r s d e e  Core parameters  
Frequency o f  dynamic B(II) c u r v e s ,  70,  74-77 
Glossa ry  o f  v a r i a b l e s ,  11 .61-90 
COWVION, 11.61-72 
l o c a l ,  11 .73-90 
AUX( 1,  11 .90  
CAP. 11 .85-86 
CORE, 11.88-89 
DIOD, 11.86-87 
ELEM, 11.85 (See a l s o  94)  
HOLLER( 1 ,  1 1 . 7 4  
IND, 11.86 
INTIAL, 1 1 . 8 5  
IVS, 11 .85  
main program, 11.73-74 
PARWU( ) ,  11.79 
PLAPR( j ,  11.75-76 
PLT( , , ) ,  11.77-79 
PRPLT~ , , , ) ,  11.76-77 
RES, 11 .85 
R\YCAF', 1 1 . 7 9  
R\VCND, 11 .85  
RKORE, 11 .81  
R W R F ,  11.81-82 
R\YCORH, 11.82-85 
R\VDIOD, 11.80 
RWIhD, 11.80 
RWIVS, 11.79 
R\VRES, 11.79 
w n m r c ,  11.74-75 
RWRAN, 11.80-81 
RWZEN, 11 .80  
SEQSOL( 1 ,  11 .85 
TRAN, 11.87-88 
used by s e v e r a l  c i r c u i t - e l e m e n t  s u b r o u t i n e s ,  
11 .73  
ZEN, 1 1 . 8 6  
HOLLER( , ) sub rou t ine  
d e s c r i p t i o n ,  110 
o s s a r y ,  l o c a l ,  11 .74  p ! i s t l n g ,  11 .100 
IND s u b r o u t i n e :  
background, 20-22, 86-93 
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model, 20,  22 
n o n l i n e a r ,  22-23 
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IND, 11.164-165 
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AH and AT e x p r e s s i o n s ,  22-23 
I n e l a s t i c  + component: 
computation: 
debugging, 102-103 
i n  CORE s u b r o u t i n e ,  101-102 
method, summary o f ,  63 
model, 50-62 
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r e s u l t i n g  p l o t t e d  waveforms,  139-140 
I n i t i a l - c o n d i t i o n s  p r i n t o u t :  
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i n  R-W c i r c u ~ t - e l e m e n t  s u b r o u t i n e s  
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RbCOFiF s u b r o u t i n e ,  99-100  
r e l a t i o n  t o  c o n v e r g e n c e  f a i l u r e ,  120  
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I n i t i a l - c o n d i t i o n s ,  s o l u t i o n  o f :  
i n  CORE s u b r o u t i n e :  
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r u n  c o n t r o l :  
c o n t i n u a t i o n ,  1 1 . 1  
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t ime l i m i t ,  11.1 
v a r i a b l e - v a l u e s  s a v i n g ,  1 1 . 3  
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v a r i a b l e  c o u n t ,  117 ,  1 2 5 ,  1 3 6 ,  1 3 9 ,  1 1 . 5  
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i n d u c t o r ,  2 0 ,  2 2 ,  8 7 ,  1 1 . 2 5 - 2 6  
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g l o s s a r y ,  l o c a l ,  1 1 . 7 5 - 7 6  
l i s t i n g ,  1 1 . 1 0 8 - 1 1 1  
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Program d e s c r i p t i o n :  
c i r c u i t - e l e m e n t  s u b r o u t i n e s - - S e e  C i r c u i t -  
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PI,APR( i , 1 1 . 1 0 8 - 1 1 1  
PLT( , , 1 ,  11 .115-119  
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l i s t i n g ,  11,125-126 
R\SCND s u b r o u t i n e  : 
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g l o s s a r y ,  i o c a l ,  1 1 . 8 6 - 8 7  
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g l o s s a r y ,  l o c a l ,  11 .80 -81  
i n p u t  d a t a ,  11. 30-32 (See  a l s o  85-87) 
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s e t t i n g  t o  1020 f o r  s o l v l n g  i n i t i a l  
c o n d i t i o n s ,  112 
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" 
\\\IF, 40-41 
AH and AT, 42 
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C a r d s ,  i n p u t  d a t a )  
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\ \ o r s t - c a s e  a n a l y s i s ,  9 9 ,  1 1 3 ,  1 2 0 ,  11 .47-59  
ZEN s u b r o u t i n e :  
background,  23-25,  86-93 
g l o s s a r y ,  l o c a l ,  1 1 . 8 6  
l i s t i n g ,  1 1 . 1 6 6  
Zener d i o d e :  
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